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ABSTRACT 
 
High solar cell temperature has always been a major concern when designing a 
concentrated solar power (CSP) system. Exceeding the operational cell temperature 
will result shorter cell life and even cell damage under extreme solar concentration. 
Currently, active cooling methods such as using water circulating devices are applied to 
control the elevated cell temperature. However, power parasite and risks of mechanical 
failure are always associated with these cooling devices.  
 
Passive cooling methods are simpler and reliable than active cooling but not very 
effective for high solar concentrating applications. Many research works have been 
conducted on improving passive cooling performance in the past decades but the 
outcomes are insignificant. The main problem faces by passive cooling methods is the 
natural cooling rate is very dependent on the ambient conditions. Low wind speed and 
high ambient temperature will significantly affect the cooling performance of any 
passive devices. In this regards, phase change material thermal storage (PCMTS) is 
implemented to improve the existing passive cooling limitations.  
 
The phase change material (PCM) used in this research is paraffin wax which is an 
organic based PCM. It has attractive thermal-physical properties of high heat storage 
capacity, non-corrosive, high thermal cycle and exhibit isothermal process during phase 
transition period (solid-liquid). Furthermore, it is widely used as thermal storage 
material in civil engineering, solar engineering and spacecraft thermal control 
applications.  
v 
 
This research work will address three areas: (i) Effective waste heat dissipation from 
the concentrated solar cells to the PCMTS for thermal storage. (ii) Enhances PCM 
melting rate in thermal storage to improve the passive cooling performance of 
concentrated solar cells. (iii) Designs a passive and reliable heat transfer system for 
repetitive heat charging and discharging of PCM in the thermal storage. Experimental 
assessments were carried out on concentrating the thermoelectric generator (TEG) and 
photovoltaic (PV) cells for assessing the thermal and electrical performance by 
incorporating the proposed passive cooling concept using PCMTS. 
 
This thesis presents a new passive cooling technique for improving the existing passive 
cooling limitations and maintains the solar cell temperature within the working limit. 
The proposed PCMTS cooling system design has the potentials to be incorporated into 
the CSP systems for improving the system reliability and gain greater electrical power 
output via passive cooling. 
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CHAPTER 1 – INTRODUCTION 
 
 
1.1 Background 
With rapid growth in the world population and advances in technology, the demand for 
energy may fail to be met if no additional energy sources are added to the existing 
energy reserves. Currently, the energy sources are mainly fossil fuels (coal, oil and 
natural gas) which are all non-renewable. Burning these fossil fuels has created 
negative environmental impacts including global warming and air pollution. The 
increasing emission of carbon dioxide (CO2) into the atmosphere has led to global 
concern over climate change and over the sustainability of future generations.  
 
 
 
Figure 1: World energy CO2 emission contribution (WEO 2011). 
 
The CO2 emission rate relates closely to the world population level and, based on the 
WEO 2011 data shown in Figure 1, coal burning is the main CO2 contributor of the 
three fossil fuels. The amount of CO2 emission is projected to increase from 30.2 
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billion metric tons in the year 2008 to 35.2 billion metric tons in 2020 (WEO 2011). 
Furthermore, the projected CO2 emission is expected to reach 43.2 billion metric tons 
(43% increment) by 2035. In the next 20 years, more coal-fired power plants are 
expected to be commissioned in order to generate enough electricity to support human 
activities. China, for example, is one of the highest CO2 emission contributors because 
of strong economic growth and high domestic demand and its economic growth is 
expected to result in a substantial increase in coal consumption, posing a serious threat 
to the environment. The number of coal-fired power stations in China is expected to 
double between 2008 and 2035 (WEO 2011). 
 
 
Figure 2: World energy consumption forecast (WEO 2011). 
 
Despite the fact that nuclear energy has strong potential to fulfil the growing energy 
demands, fear of nuclear accident and issues of improper disposal of nuclear waste 
have inhibited nuclear plant expansion. Furthermore, the recent destruction of the 
Fukushima Daiichi nuclear reactor by a tsunami on 11
th
 March 2011 had caused severe 
environmental and health problems for Japanese citizens (John et al. 2012). The 
aftermath of this disaster has also led to many objections and protests by the public 
Year 
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against future nuclear energy projects and development (The New York Times 2012). 
For these reasons, renewable energy sources will be an increasingly attractive energy 
source for the future.  
 
 
Figure 3: Global installed power generation capacity distribution (WEO 2011). 
 
Currently, renewable energy sources satisfy approximately 14% of the total world 
energy demand (UNDP 2000). Solar, thermal, hydropower, geothermal, wind and 
marine are renewable energy sources which have attracted much attention globally over 
recent years. It is clear from Figure 2 that there is potential for rapid growth over the 
next 20 years in the use of renewable energy. Large scale expansion of renewable 
sources can replace a significant proportion of fossil and nuclear fuel dependency 
thereby reducing the associated environment impacts and Figure 3 shows a sharp 
increase in the projected installed capacity of renewables over the coming decades. 
Increasing numbers of developed countries have started investing in clean energy 
technologies to seek a cleaner and sustainable society for their future generations. This 
positive trend will be encouraged by an expected sharp drop in renewable energy prices 
(cost/watt) in the coming years. Therefore research into new renewable energy sources 
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and improving the existing energy harvesting methods can be a major contribution to 
achieving an affordable and sustainable energy future. 
 
1.2 Concentrating solar energy 
Solar energy is free, non-polluting and abundant on Earth. It can provide approximately 
1000W/m
2
 of solar energy on a sunny day. Solar cells such as photovoltaic (PV) and 
thermoelectric generating (TEG) cells are solar-based power generating cells which can 
convert solar energy to electrical energy. Despite solar energy being cost free, these 
solar cells incorporate expensive semi-conducting materials and pose issues of low 
energy conversion efficiency (for example, efficiency of typical poly-crystalline based 
PV cells is ~17%) (Scott 2010).  
 
By concentrating the incoming radiation through using a solar concentrator, the solar 
energy intensity can be increased many times dependent on the solar concentration 
ratio. The use of concentration in solar power generating systems can either increase 
the electrical power output or reduce the required number of solar cells for any given 
output power. Solar concentration is a cost-cutting approach for solar-electricity 
generation as a smaller number of expensive solar cells are combined with an 
inexpensive solar concentrator for a similar level of power generation. The Fresnel lens 
and parabolic trough are common solar concentrator types for concentrated 
thermoelectric generator (CTEG) and concentrated photovoltaic (CPV) systems.  
 
1.3 Statement of Problem 
The main problem of using the concentrating solar approach is the elevated operating 
cell temperature associated with high solar flux. High solar cell temperature can result 
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in cell life degradation, lower energy conversion efficiency and even cell damage under 
extreme solar concentration (Krauter, Hanitsch & Wenham 1994). Both TEG and PV 
cells are temperature dependent solar cells whereby increasing cell temperature will 
decrease the electrical conversion efficiency (Sala, 1989).  
 
In the case of a CPV system, only approximately 25% (Sinton et al. 1985) of the 
incoming concentrated solar energy will be converted into electrical energy and the 
remaining energy is converted into waste heat which is a contributor to elevating cell 
temperature. The energy conversion efficiency for silicon based PV cells will decrease 
with cell temperature, at the approximate rate of 0.4-0.5% per 
o
C (Sala 1989). Cell 
cooling devices must be installed for heat dissipation to avoid power loss or cell failure 
when exceeded the operational temperature limit specified by the manufacturers. This 
elevated cell temperature problem is also relevant to TEG cells in the CTEG system 
where these cells convert solar heat to thermoelectricity. In spite of the higher 
operational temperature tolerated by a TEG (max. temperature of 300
o
C), the issues of 
energy conversion efficiency reduction and cell damage are still present.  
 
In the published literature (Royne et al. 2005) describe various passive and active 
cooling approaches which have been incorporated into CPV systems to keep the cell 
temperature below the operational limit. Presently, active cooling methods are used for 
cooling high solar concentration (>100 suns) because of the high heat dissipation 
requirement. However, these active devices, for example forced air or water cooling 
based heat pumps, require routine maintenances and are power consuming. Moreover, 
unexpected mechanical failures sometimes associated with moving parts may result in 
severe cell damage which incurs high cost for cell replacement. Passive cooling 
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methods are self-operable and are more reliable and cost effective than active cooling 
methods because of the absence of moving parts. However, they have lower heat 
dissipation rates than active systems. In addition, the influence of ambient conditions 
such as air temperature and wind speed has major influence on the heat dissipation 
performance.  
 
In order to incorporate a passive cooling system into a concentrated solar power 
generating system, it must offer reliable heat dissipation performance, no-or-minimum 
routine maintenance and be self-operable. Unfortunately a passive cooling approach 
meeting these requirements is not found in the current literature.  In this thesis, a new 
passive cooling approach using phase change material thermal storage (PCMTS) will 
be investigated as a means of addressing the existing passive cooling limitations. The 
new passive cooling proposal provides a basis for a self-operating, reliable and 
maintenance-free concentrated solar power (CSP) system. 
 
1.4 Phase change material thermal storage 
Phase change material thermal storage also referred to as latent heat storage is one of 
the most promising thermal energy storage systems whereby a large amount of heat 
energy can be stored in a relatively small mass of storage medium. The phase change 
material (PCM) undergoes phase transition (melting and freezing) during heat 
absorption. The PCM also exhibits isothermal process during heat absorption which has 
received much attention in thermal management of buildings and thermal storage 
systems (Kandasamy, Wang and Mujumdar 2007; Sharma, Tyagi, Chen and Buddhi 
2009). In building comfort applications, a high capacity thermal storage system is able 
to reduce electricity consumption by recycling heat stored during the day for use in 
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household heating during the night.  Alternatively, heat stored at night can provide 
daytime cooling. 
 
To incorporate PCMTS into a passive cooling system for concentrating solar cells 
applications (CTEG and CPV cells), the selection criteria for the PCM must include 
compatibility, reliability, maintenance-free and high cooling capacity. With these 
selected criteria, a fully passive and self-operable solar-based power generator can be 
developed using the proposed passive cooling system. 
 
1.5 Research objectives 
The objective of this research was to design and develop a new passive cooling system 
for thermally managing CSP systems. The PCM thermal storage is utilized for waste 
heat absorption from the concentrated solar cells maintains the cell temperature within 
the operational working range and can reject the stored heat under no solar radiation 
conditions. The passive cooling proposal incorporating PCM will improve the life and 
efficiency of the concentrated solar cells for power generation both of which are limited 
by the existing passive cooling methods. A self-operating, maintenance-free and 
reliable CSP system using PCM thermal storage will be presented as an outcome of this 
research. 
 
1.6 Research scope 
In this research work, TEG and PV cells have been used for the study of the thermal 
and electrical performance of concentrated solar cells using PCM thermal storage. The 
proposed passive cooling concept is designed to achieve power generation and cell 
efficiency improvement using concentrated solar radiation. This study included a 
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detailed design process, mathematical modelling and experimental analysis. A 
mathematical model has been validated against the experimental results to ensure the 
simulation validity. The model will be used as a prediction tool for thermal and 
electrical performance of the concentrated solar cells under different design 
requirements. 
 
1.7 Structure of the Thesis 
The outcomes of this study are presented in nine chapters. The chapters have the 
following content: 
 
Chapter 2: Literature Reviews - presents a detailed literature review on approaches to 
cooling concentrated solar cells, with emphasis on CPV systems. This chapter also 
presents the state-of-art of energy harvesting methods using solar-based thermoelectric 
generators (TEGs). These reviews provide a basis for understanding the existing 
cooling issues and limitations in concentrating solar applications.  
 
Chapter 3: Phase Change Material and Thermal Storage – presents a detailed 
review of PCM and thermal storage systems. This chapter provides a detailed 
description of the PCM classifications, thermal-physical properties, types of thermal 
storage containments, thermal enhancement approaches and other background relevant 
to the development of PCM thermal storage for passive cooling of CSP systems. 
 
Chapter 4: System Analysis and Mathematical Modelling – presents an overview of 
the proposed cooling concept including description of the associated components. The 
CTEG system is integrated with PCM thermal storage for passive cooling of 
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concentrated solar cells. The system analysis and mathematical modelling are presented 
in this chapter for predicting the thermal and electrical performance of the proposed 
CTEG-PCM system under different solar concentration levels. 
 
Chapter 5: Experimental assessment of a concentrated thermoelectric generator 
using PCM thermal storage – presents detailed descriptions of experimental 
procedures, results and analysis of the CTEG-PCMTS system. Indoor and outdoor 
experiments were conducted to study the maximum solar concentration and power 
generation of the proposed CTEG-PCMTS test rig. The mathematical and indoor 
experimental results were validated against the actual outdoor testing. 
 
Chapter 6: Experimental assessment of a photovoltaic system using PCM thermal 
storage – presents an assessment of passive cooling of mono-crystalline PV panels 
incorporating the PCM thermal storage approach. This assessment focuses on non-
concentrating PV systems where coupling of PCM thermal storage containments will 
be used for lowering the PV cell temperature.  Also, thermal enhancement methods 
using different numbers of installed fins were conducted to study their influence on 
thermal and electrical output performance of PV-PCM system.   
 
Chapter 7: Melting analysis of PCM in different thermal storage configurations – 
presenting an experiment study of the heat transfer performance of PCM thermal 
storage using various inner thermal enhancement configurations.  A series of numerical 
studies using FLUENT 6.3 simulation software was also conducted in order to visualise 
the melting behaviours and natural convection effects in the thermally enhanced PCM 
thermal storage systems.  
10 
 
 
Chapter 8: PCM thermal storage system for solar-power stand-alone-power 
supply (Case study) – presents a case study on comparing the performance of two 
stand-alone power supply (SAPS) using PV panels with batteries and the proposed 
CTEG-PCMTS with batteries. Both systems are sized based on Melbourne weather 
conditions.  
 
Chapter 9: Conclusions and Recommendations – presents major conclusions from 
the whole study and suggestions for future work. 
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CHAPTER 2 – LITERATURE REVIEWS 
 
 
2.1 Introduction 
The aim of this study was to investigate the performance of a passive cooling system 
for concentrated solar cells incorporating phase change material thermal storage. This 
literature review provides an overview of the current state-of-the-art of cooling solar 
cells in concentrated solar power (CSP) systems. The review focuses on both passive 
and active cooling methods for concentrated photovoltaic (CPV) and concentrated 
thermoelectric generator (CTEG) solar power systems. A review of phase change 
thermal storage is presented in the next chapter. 
 
2.2 Solar energy and solar concentration 
The sun transmits energy to Earth by radiation at different wavelengths (Kreith. 
Manglik and Bohn 2011). The surface temperature of the sun is approximately 5800K 
and the maximum value of solar irradiance that the earth surface receives is 
approximately 1367W/m
2 
for the air mass zero (AM0) condition (Gosawami, Kreith 
and Kreider 2000). Because of the presence of greenhouse gases in the atmosphere, 
including oxygen, water vapour and carbon dioxide, some energy at particular 
wavelengths is absorbed and the remaining radiation, which reaches the earth surface, 
is approximately 970W/m
2
 for the air mass 1.5 (AM1.5) condition. Therefore the 
standardized value for 1 sun peak for solar research and engineering purposes is 
1000W/m
2
. Figure 4 shows the magnitude of the spectral irradiance versus the 
wavelength at respective air mass condition. 
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Figure 4: Diagram of solar spectral irradiance at AM0 and AM1.5. 
 
Solar concentrators are devices which concentrate incoming solar radiation onto a 
designated target area using light beam reflection or refraction for gaining higher solar 
intensity. Ideally, the solar concentration ratio is the division of the solar concentrator 
aperture area by the illuminating target area (solar cell area). Mirrors, parabolic troughs 
and Fresnel lens are the three common solar concentrators used in CSP systems. The 
benefit of using solar concentrators in CSP systems (solar-electric) is to reduce the 
operational cost of solar-electrical power generation. The reduced cost, for similar 
power generation, arises from replacement of some expensive solar cell area by an 
inexpensive solar concentrator. Because of the solar cell area reduction, higher 
efficiency solar cells can be used for greater power generation without much financial 
penalty. However, elevated cell temperature caused by highly concentrated solar 
radiation will be major consideration when designing a CSP system.  
 
The classification of solar concentrators (Royne et al. 2005) is based on the geometry 
of the solar cell arrangement. The classifications are “single cell geometry”, “linear cell 
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geometry” and “densely packed cell geometry”. The following sub-sections of the thesis 
present cooling methods for each solar concentrating geometry. 
 
2.2.1 Single cell geometry 
Single cell geometry refers to a single point focus where the target area for illumination 
contains only one solar cell, as shown in Figure 5. In the case of 100 suns solar 
concentration, the concentrated solar cell should ideally receive 100 times the incoming 
solar irradiance. Both passive and active cooling methods are used with this geometry 
subject to the level of solar concentration which can be applied to a single cell. The 
existing cooling methods are discussed in Section 2.4 and 2.5. 
 
 
Figure 5: Solar concentrating on single cell geometry via Fresnel lens concentrator. 
 
2.2.2 Linear cell geometry 
Linear cell geometry refers to a type of solar concentrator which concentrates the 
incoming solar radiations onto a strip of cells or row of cells which are arranged in a 
line. Figure 6 is a pictorial illustration of the linear type of solar concentrator. The solar 
concentrators used in this geometry configuration are usually parabolic troughs or 
linear Fresnel lenses concentrators. The solar cells are arranged closely (side-by-side) 
Aperture area 
of Fresnel lens 
concentrator 
 
Single cell area 
Optical 
concentration 
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along the illuminated linear region. This close arrangement complicates solar cell 
cooling. 
 
 
 
Figure 6: Solar concentrating on linear cell geometry via linear Fresnel lens 
concentrator. 
 
2.2.3 Densely packed cell geometry 
Densely packed cell geometry refers to a larger single point focus where the 
illuminated target area contains multiple cells.  
 
 
Figure 7: Densely packed cells concentration via Fresnel lens. 
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The solar cells are more closely packed than in the linear cell geometry. In this 
configuration, only the active cooling method is suitable for cooling the concentrated 
solar cells. See Figure 7, showing the configuration. 
 
2.3 Brief introduction to photovoltaic effect 
A photovoltaic (PV) cell consists of an asymmetrical material which converts sunlight 
into electricity as illustrated in Figure 8. The photovoltaic effect occurs when the 
energy of incident photons is sufficient to excite electrons in the cell material into a 
higher state of energy and thereby generate a potential difference. The potential 
difference or electromotive force (e.m.f) drives the electrons as electric current in an 
external electrical load.  
 
 
Figure 8: Schematic diagram of a photovoltaic cell. 
 
In order to increase the electrical output, the photonic energy intensity can be further 
increased by using a solar concentrator to concentrate the incident sunlight onto the PV 
cell. A typical photo-electrical conversion efficiency of a concentrated photovoltaic cell 
(CPV) is approximately 25% (Sinton et al. 1985). The remaining solar energy will be 
absorbed in the cell as thermal energy, causing high cell temperature. The useful 
Sunlight 
Electrical load 
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lifespan of a cell will reduce, or cell damage may occur, if the cell operating 
temperature exceeds the manufacturer‟s specification. The energy conversion 
efficiency of a silicon based solar cell is a decreasing function of cell temperature, 
typically approximated by 0.4-0.5% K
-1
 (Krauter, Hanitsch and Wenham 1994).  
 
2.4 Passive cooling methods for concentrated photovoltaic cells 
2.4.1 Single cell geometry 
In single cell geometry, Edenburn (1980) presents fin-type passive heat sink as shown 
in Figure 9 for a point-focus device like Fresnel lens. The concentration ratios under 
consideration are 50, 92 and 170 suns. The heat sink consists entirely of linear fins and 
surrounds the single concentrated solar cell for maximum heat dissipation. The 
advantage of this design is simple and easy to fabricate. The disadvantage of this design 
is that it requires a defocusing mechanism to avoid exceeding the passive cooling 
capability under extreme ambient conditions including very low wind speed, high 
insolation and high ambient temperature. 
 
 
Figure 9: Passive heat sink for single cell suggested by Edenburn (1980). 
 
To address the fin-type heat sink limitations, Edenburn (1980) suggested that the 
housing of the solar cell assembly should be attached to a painted aluminium surface 
17 
 
using the surface as a finless heat sink. The rationale is that radiation heat transfer is the 
main cooling mechanism during calm air conditions. Edenburn (1980) noted that a fin-
type heat sink has poorer radiation heat transfer than a finless-type because of the lower 
temperature region at the base of the fins. With this design, the cells could probably be 
kept below 150
o
C even on extreme days at a concentration level of approximately 90 
suns.  
 
The finless type of heat sink has attracted much attention in passive cooling of CPVs 
because of the possibility of cheap and simple installation.  Mo, Chen and Hu (2011) 
have conducted an experiment on a passively cooled Fresnel lens CPV module using an 
aluminium plate as a heat spreader. The experimental results show that the solar cell 
temperature was below 75.7
o
C under a 20 suns solar concentration. Araki, Uozumi and 
Yamaguchi (2002) conducted a similar experimental study on passive cooling of highly 
concentrated solar cells using an aluminium plate as a finless heat sink. To minimize 
the thermal contact resistance between the solar cells and the finless heat sink, thin 
films of thermal epoxy were used for attachment. The experimental results showed that 
the cell temperature was only 18
o
C above ambient temperature at a solar concentration 
ratio of approximately 500 suns. The disadvantage of this design is the requirement of 
larger surface area for higher solar concentrating applications which limits its potential.  
 
Anderson et al. (2008) presented a passive heat pipe cooling method for a CPV system 
showed in Figure 10. The advantage of using heat pipe is that it has the ability to 
transport large amount of heat from the evaporator to the condenser and achieve 
effective cell cooling at high solar concentration. However, the risk of dry-out at the 
evaporator section of the heat pipe will limit its heat transport capability under extreme 
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solar concentrations and damage the PV cell. The design uses a copper-water heat pipe 
with aluminium fins attached to dissipate the waste heat by natural convection. A cell-
to-ambient temperature rise of 40°C was observed under solar concentration of 400 
suns.  
 
 
Figure 10: Heat pipe cooling system with copper saddle for cooling CPV cell  
(Anderson et al. 2008). 
 
2.4.2 Linear cell geometry 
Florschuetz (1975) presented a model investigation of passive cooling of a CPV with 
linear cell geometry. He used planar and finned metal strip types of heat sinks for solar 
cell mounting. He observed that a finned strip performed better than a plane strip. Plane 
strip design can cool CPV cells only at the very low solar concentration of 5 suns 
whereas a finned strip can cool up to 10 suns. He also found that pin fins design has 
better cooling performance that plane type but the fabrication cost for pin fins is higher. 
Luque et al. (1997) have conducted an experimental analysis of a trough-type PV 
concentrator (The EUCLIDES) using lightweight aluminium finned heat sink for 
passive cooling of the solar cells. The experimental results of the optimized fin 
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dimensions show that the CPV cell temperature was maintained at approximately 58
o
C 
at the low concentration of 30 suns. The disadvantage of this design is the fin optimized 
settings of 1mm fin thickness, 140mm long and 10mm fin gap made the fabrication 
process complex and costly. 
 
Edenburn (1980) presented a V-type linear trough geometry for passive cooling CPV 
cells as shown in Figure 11. The passive cooling system was designed for 20, 30 and 40 
suns solar concentration. He noted that that the long fin geometry will result higher 
thermal resistance because of the longer thermal conduction path from the CPV cells to 
the metallic fins. He suggested using the “thermosyphon approach” in his design by 
replacing the long thermal conduction path with evaporating fluid to improve heat 
dissipation. 
 
Figure 11: Passive cooling of linear design as suggested by Edenburn (1980). 
 
Shortly, Feldsman, Kenney and Edenburn (1981) conducted an experimental study of 
Edenburn‟s system using the heat pipe approach. The system was constructed using an 
extruded aluminium surface and the working fluid was benzene. The maximum 
measured evaporator surface temperature was approximately 140
o
C at about 24suns 
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solar concentration. They concluded that the passive cooling performance was highly 
dependent on the condenser surface area and on ambient conditions. The operating cell 
temperature depended on wind speed, ambient temperature, wind direction and tilt 
angle of the cell surface. Hence, the inconsistent cell cooling performance due to 
uncertain ambient conditions and bulky structure limits its feasibility for large scale 
implementation. 
 
Akbarzadeh and Wadowski (1996) implemented a heat pipe cooling approach on a 
linear trough-like reflecting system as shown in Figure 12. The heat pipes were 
constructed using flattened copper pipe with fin-type condenser sections. The solar cell 
was mounted on the evaporator section of the heat pipe which was vertically 
positioned. The results indicated that the cell temperature at 20 suns concentration did 
not exceed 46
o
C on a sunny day. They also observed that the solar cell temperature 
could reach 84
o
C in the same environmental conditions but without any cooling system. 
 
 
Figure 12: Schematic heat pipe based cooling system as suggested by Akbarzadeh and 
Wodoski (1996) 
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2.4.3 Densely packed cell geometry 
No information has been found in relation to applying the passive cooling method to a 
densely packed cell geometry. The active cooling method is the only cooling approach 
used in this geometry and it is presented in Subsection 2.5.3. 
 
2.5 Active cooling methods for concentrated photovoltaic cells 
2.5.1 Single cell geometry 
Kessel et al. (2009) presented a Fresnel lens solar concentrator for use with a triple 
junction III-IV solar cell from Spectrolab Inc. (CDO-100). In Figure 13, a Fresnel lens 
concentrator was used to applied concentrated solar flux on the concentrated solar cell. 
The tested solar cell had a nominal cell efficiency of 35% and had a cell temperature 
limit of 180
o
C. The cooling system used a high performance metal thermal interface 
and an active liquid cooling method for dissipating the high solar heat flux. 
Experimental results showed that the cell temperature was maintained at 85
o
C under 
2000suns. 
 
Figure 13: Active liquid cooling system for triple junction solar cell at 2000suns solar 
concentration (Kessel et al. 2009). 
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2.5.2 Linear cell geometry 
Florschuetz, Truman and Metzger (1981) compared two active cooling systems using 
forced air and pumped water respectively. Multiple channels for forced air and a single 
channel for pumped water were used for cooling a strip of concentrated solar cells. 
They observed that there was a greater cell temperature rise when cooled by forced 
convection of air than when cooled by pumped water. Low thermal conductivity and 
specific heat capacity of air are the reasons for higher cell temperature compared with 
forced water cooling in the active cooling system. Consequently, water cooling is 
preferred over forced air cooling as it able to operate at much higher solar concentration 
levels. 
 
 
Figure 14: Heat pipe cooling system (Russell 1982). 
 
Russell (1982) patented a heat pipe based cooling system for use with a linear Fresnel 
lens concentrator. A row of CPV cells was mounted along the surface of a circular heat 
pipe as shown in Figure 14. The heat pipe had a wick for moving the working fluid 
upward to the heated surface using the capillary effect. Thermal energy was extracted 
from the heat pipe by installing an internal coolant circulation system. The inlet and 
23 
 
outlet of the coolant pipes were at the same side of the heat pipe to ensure a uniform 
temperature along the pipe. No details of the system parameters and performance, 
including solar concentration ratio and cell temperature, were reported.  
 
Conventry (2003) presented the CHAPS (combined heat and power solar) system. It 
was a linear trough concentrator with a row of solar cells cooled by liquid circulation 
through an internally finned aluminium pipe. The coolant liquid used was water with 
anti-freeze and anti-corrosive additives. The prototype collector was tested at 37suns 
solar concentration and the results showed that the fluid temperature was maintained at 
65
o
C at an ambient temperature of 25
o
C. The system efficiencies achieved for thermal 
and electrical outputs were 57% and 11% respectively. 
 
 
Figure 15: Liquid immersion CPV receiver assembly (Zhu et al. 2011). 
 
Zhu et al. (2011) presented a dielectric water immersion cooling method for single 
cooling a CPV cell in a parabolic dish concentrator. As shown in Figure 15, the CPV 
cell was submerged in dielectric water at testing conditions of 900W/m
2
 direct normal 
irradiance, ambient temperature of 17
o
C and water inlet temperature of 30
o
C. The 
experimental results showed that the maximum CPV cell temperature was 49
o
C at 
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250suns solar concentration. The temperature distribution across the CPV cell was 
close to uniform but the electrical power output degraded after long period of de-
ionized water immersion. 
  
2.5.3 Densely packed cell geometry 
Solar System (2005) presented a parabolic dish photovoltaic configuration using a 
water cooling system for cooling the CPV under 340suns solar concentration. The flow 
rate applied was 0.56 kg/s over a cooling area of 576cm
2
. The CPV cell used for the 
analysis was a HEDA312 point-contact type of solar cell. The pumping power was 
86W enabling maintenance of cell temperature at 38.52
o
C. The cell efficiency achieved 
was 24% and could possibly represent more than 70% system efficiency if the waste 
heat was reutilized via water cooling as useful thermal energy. 
 
Lasich (2002) patented a water cooling circuit consisting of small parallel water 
channels for cooling densely packed solar cells under high solar concentration. The 
cooling circuit on which the CPV cells were mounted also provided structural support 
for the solar receiver. The proposed system was able to maintain the cell temperature at 
40
o
C under 500suns solar concentration. However, the risk of cell damage due to 
mechanical failure of the water pumping system can lead to expensive cell replacement 
at high solar concentrations. 
 
Horne (1993) patented an innovative active liquid cooling system for solar cells in a 
paraboloidal dish. The solar cells were mounted vertically on a set of rings instead of 
on a horizontal surface to avoid shading. Water was transported to the receiver via a 
central pipe and waste heat was carried away at the rear of the cells within a glass shell 
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shown in Figure 16. The circulating water also absorbed some of the low-energy 
radiation resulting in higher cell efficiency. Phase-change material (PCM) was used for 
thermal contact with the cells, to avoid cell damage during high temperature operation. 
The drawback is the complex fabrication of such cooling device which lead to much 
higher setup cost. 
 
 
Figure 16: Cooling proposal for densely packed module (Horne 1993). 
 
Royne and Dey (2007) explored the viability of using jet impingement for cooling an 
array of densely packed PV cells. Four and nine nozzle jets with side drainage were 
assessed. The numerical results showed that a higher number of nozzles per unit area 
provided better cooling performance. It was noted that the non-uniform heat transfer 
coefficient of the jet impingement system could affect the electrical output of the CPV 
cells. Mathur et al. (1984) found that non-uniform thermal distribution had little effect 
on the electrical output power. With support from Mathur et al. (1984), Royne and Dey 
(2007) suggested optimizing the cooling system by focusing more on achieving a high 
average heat transfer coefficient than on achieving a high level of thermal uniformity.  
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2.6 Brief introduction to thermoelectric generator 
2.6.1 Brief history  
In 1821, Thomas Johann Seebeck (1770-1831) observed the first thermoelectric effect 
while heating the junctions between two dissimilar conductors. He reported that 
potential difference or voltage was generated while providing a temperature difference 
across two dissimilar conductors. He named this effect the “Seebeck effect” and 
illustrated in Figure 17. 
 
 
Figure 17: Schematic diagram illustrating Seebeck effect. A and B are two dissimilar 
metals. 
 
In 1834, a French watchmaker, Jean Charles Athanase Peltier (1785-1845) observed 
another thermoelectric effect which was different from the Seebeck effect. He observed 
that there was a heating and cooling effect while applying an electrical current through 
two dissimilar conductors. He named this inverse effect the “Peltier effect” and 
illustrated in Figure 18. 
B B 
A 
T 
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Figure 18: Schematic diagram illustrating Peltier effect. A and B are two dissimilar 
metals, I is passing current and Q is rate of reversible heat. 
 
 
Figure 19: Schematic diagram illustrating Thomson effect. The relationship between 
the rate of reversible heat ( Q) and temperature gradient ( T) when current (I) is 
passing through the conductor. 
 
In 1855, William Thomson also known as Lord Kelvin (1824-1907) derived a 
relationship which he called the Thomson effect and he included both the Seebeck 
 
 
  
T 
Q 
I 
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effect and Peltier effect in his thermodynamic arguments. The Thomson effect relates 
to the rate of generation of reversible heat Q which results from the passing of current 
along a single conductor with a temperature gradient. The schematic diagram of the 
Thomson effect is shown in Figure 19. 
 
2.6.2 Thermoelectric effect 
The phenomenon in which a thermoelectric material generates electricity when 
experiencing a temperature gradient is called the “thermoelectric effect”. This effect is 
caused by the thermal diffusion of the charge carriers in the thermoelectric material 
(semi-conductor) which creates a directional charge flow. Figure 20 shows the 
schematic diagram of a thermoelectric generator (TEG). 
 
 
Figure 20: Schematic diagram of a thermoelectric generator (TEG). 
 
In a TEG, the charge carriers will gain more kinetic energy at the hot side panel than at 
the cold side because of the applied heat, causing the charge carriers to diffuse from the 
hot to the cold side of the TEG. The charge carrier‟s imbalance results in an electrical 
potential difference and generates thermoelectricity. The diffusion of charge carriers 
will stop when there is no temperature gradient across the TEG cell.  
Electrical load 
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2.7 Concentrated thermoelectric generator 
TEGs have attracted much scientific attention over recent decades as a prospective 
device for energy harvesting. Commonly a TEG is constructed using Bismuth Telluride 
(Bi2Te3) and is capable of converting thermal energy into electrical energy directly. As 
a thermoelectric module, TEGs are connected thermally in parallel and electrically in 
series. Several distinctive benefits of using a TEG as a power generator are: 
 Compactness 
 No moving parts 
 Quiet operation 
 Operable in a high temperature environment 
 Emission free 
The main shortcoming is the relatively low energy conversion efficiency (typically less 
than 5%) compared with a poly-crystalline based PV cell (~15%). A basic system for a 
solar-based thermoelectric power generating system consists of a TEG cell and a solar 
concentrator. The arrangement is quite similar to that of a CPV system except that it 
converts solar heat to electrical energy instead of converting solar light. The solar 
radiation is concentrated by the solar concentrator and illuminates the heat collector 
which is thermally coupled to the hot side panel of the TEG. The heat collector 
provides the TEG with a passive heat source. The waste heat at the cold side of the 
TEG must be dissipated effectively in order to gain a temperature difference across the 
cell. In addition, the output power of the TEG is proportional to the temperature 
difference provided. Therefore maximum hot side temperature is recommended for a 
CTEG system in order to achieve a high temperature gradient for maximum 
thermoelectricity generation. 
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2.8 Literature on cooling methods of solar-based thermoelectric generator 
As discussed previously, the rate of thermoelectricity generation is dependent on the 
temperature difference across the TEG cell. Concentrated solar radiation acts as the 
passive heat source for the hot side of the TEG, creating a high hot side temperature. 
Dissipation of waste heat at the cold side will provide the required temperature 
difference of the TEG for thermoelectricity generation. Because of the cooling 
limitations of passive cooling methods, active cooling methods have been preferred in 
most solar-based thermoelectric power systems.  
 
2.8.1 Passive cooling methods 
Naito et al. (1996) developed a solar-powered thermionic/thermoelectric conversion 
system which combined a thermionic converter and a TEG for high thermal energy-
electrical energy conversion. 
 
 
Figure 21: Schematic of a solar-powered thermionic/thermoelectric conversion system 
(Naito et al. 1996). 
 
A solar receiver was made at Tohoku University from graphite and was heated in a 
vacuum by using a paraboloidal type of solar concentrator.  The thermionic emitter was 
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able to raise the TEG hot side temperature to 1800 K and the cold side was cooled by 
radiative fins. No information is available on the TEG cold side temperature and output 
power generated during the experiment. A schematic of a solar-powered 
thermionic/thermoelectric conversion system is shown in Figure 21. 
 
  
Figure 22: Schematic diagrams for solar receiver system (left) and energy transfer 
process (right) (Omer & Infield 2000). 
 
Omer and Infield (2000) presented a system design of using a two-stage solar 
concentrator for thermoelectric power generation. As shown in Figure 22, the system 
consisted of a primary one axis parabolic trough concentrator (PTC) with a second 
stage consisting of a symmetrical compound parabolic concentrator (CPC) mounted at 
the focal point of the primary PTC. Commercially available TEGs were used in the 
solar receiver. A maximum solar concentration of 185suns was applied at the hot side 
of the TEG. The passive cooling at the cold side was by natural convection, radiation 
and conduction heat loss to the surroundings. The thermal and electrical performances 
were not reported as the focus on this study was on tolerance of tracking misalignment 
of the two-stage solar concentrator. 
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Figure 23: Schematic diagram of power generating using combined thermosyphon and 
TEG cells on solar pond (Singh, Tundee and Akbarzadeh 2011). 
 
Singh, Tundee and Akbarzadeh (2011) have presented a passive system using 
combined thermosyphon and TEG modules for electric power generation from a solar 
pond (Figure 23).  A solar pond can store solar heat at up to 80
o
C where it can be 
utilized as a heat source for thermoelectric generation. Basically, a solar pond consists 
of three layers: A lower convective zone (hot layer), a non-convective zone and an 
upper convective zone (cold layer). TEG modules were thermally attached on the 
thermosyphon evaporator section where their hot side was exposed to the hot water for 
heat source. The cold side of the TEG which were contacted at the thermosyphon 
evaporator will dissipate the waste water to the condenser section via latent heat of 
vaporisation of the internal working fluid for heat rejection to the cold layer of water. 
Indoor testing showed that the system, which consisted of 16 TEGs, was able to 
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generate a maximum power output of 3.2W at a TEG temperature difference of 27
o
C 
using a hot water bath at 90
o
C. 
  
2.8.2 Active cooling methods 
Rockendorf et al. (1999) presented a detailed comparative analysis of solar-driven 
power generators using TEG and PV cells for simulating a typical domestic hot water 
system. The first arrangement was the combination of a solar thermal collector with a 
thermoelectric generator. The second arrangement was the combination of PV cells 
with a thermal collector. The experimental results showed that a solar-driven PV-hybrid 
power generator was more efficient in heat and electricity production than a solar-
driven TEG. This was attributed to the higher thermal resistance between the TEG and 
the circulating water for thermal energy harvesting as well as lower energy conversion 
efficiency of the solar-driven TEG compared to that of PV cells. The energy conversion 
efficiency of a solar-driven TEG is only 2.3–3.2% and a PV-hybrid system can reach 
10%. Consequently PV cells are preferred in parallel electrical and thermal generation 
systems. 
 
Maneewan et al. (2004) presented the “Thermoelectric Roof Solar Collector (TE-
RSC)‟‟ to harvest the heat gain in a roof for thermoelectric generation.  Basically, a TE-
RSC used the roof as a solar collector and a TEG as a power generator for solar to 
electrical energy conversion. A schematic diagram of their indoor experiment is shown 
in Figure 24. The TE-RSC design consisted of a transparent glass, air gap, a copper 
plate, TEGs and a rectangular fin type heat sink. The copper plate acted as the heat 
collector for the hot side of the TEG and an electric fan was used cool the rectangular 
fin heat sink which was coupled to the cold side of the TEG. The generated 
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thermoelectricity was used to run a fan for cooling the TEG and to supply warm air for 
indoor thermal conditioning.  The laboratory results showed that with a roof surface 
area of 0.525 m
2
 and using 10 TEGs it was possible to generate approximately 1.2 W 
under a solar radiation intensity of approximately 800 W/m
2
 at approximately 30
o
C 
ambient temperature. 
 
 
Figure 24: Schematic of the thermoelectric roof solar collector (TE-RSC). 
  
Akbarzadeh, Singh and Fan (2009) presented a preliminary study on thermoelectric 
power generation using a 1.8m diameter parabolic dish solar concentrator. A water 
cooling copper plate was used for dissipating the waste heat from four installed TEGs. 
A mathematical model showed that the proposed system was able to generate 64W of 
thermoelectricity with a system efficiency of 8.7% at approximately 50suns solar 
concentration. Because of the operational limit of the TEG cells at 250
o
C, the 
maximum achievable temperature difference of the TEG module was 222
o
C. 
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He et al. (2011) presented an analytical model of a solar heat pipe thermoelectric 
generator (SHP-TEG) unit. The main components were an evacuated double-skin glass 
tube, a finned heat pipe and a TEG module. The simulated ambient conditions were 
1000W/m
2
 of solar irradiance applied to the heat pipe which converted low heat flux 
(longer evaporator section, 1.8m) and high heat flux (shorter condenser section, 0.04m) 
to the hot side of the TEG. The TEG cold side was cooled by mains water at a constant 
inlet temperature of 25
o
C. The analytical results show that approximately 130
o
C 
temperature difference of the TEG (hot side at 177
o
C and cold side at 47
o
) can be 
achieved and the peak electrical conversion efficiency was 3.35%.  
  
2.9 Chapter Summary 
This chapter has presented the current state-of-art in cooling CPV and solar-based TEG 
cells. Both passive and active methods have been implemented on both types of solar 
cells. Passive cooling methods have a major problem of low cooling performance 
where the heat dissipation rate is dependent on the ambient conditions, particularly 
wind speed and air temperature. In addition, the specific heat capacity (1 kJ kg
-1
 K
-1
 
20
o
C) and thermal conductivity (0.00257 W m
-1
 K
-1
 @ 20
o
C) for air are very low which 
limits the heat dissipation rate. Thus passive cooling devices are not usually 
recommended for high solar concentrating applications.  
 
Much attention has been invested in active cooling methods because of their higher 
cooling performance enabling higher solar concentration to be used for greater power 
generation. However the requirement for parasitic power and the possibility of 
mechanical failure of moving parts resulting in severe cell damage and incurring high 
cost for cell replacement are disadvantages. These are existing issues which cannot be 
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solved in any active cooling devices. Passive cooling methods do not have these 
problems. 
 
The aim of this study was to develop a passive PCM thermal storage cooling system for 
concentrated solar power generating applications. As PCMs have high heat capacity 
because of the latent of fusion and are isothermal during phase change, it is possible to 
address the aforementioned passive cooling limitations. In the next chapter, detailed 
descriptions of PCM classifications and thermo-physical analysis are presented.  
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CHAPTER 3 – PHASE CHANGE MATERIAL 
THERMAL STORAGE 
 
 
3.1 Introduction 
In the previous chapter, passive cooling methods were determined to be less favourable 
than active methods for CPV and CTEG systems in spite of their simplicity and 
reliability. The main problem is the low cooling rate where the heat dissipation is 
highly dependent on the ambient conditions. Wind speed and air temperature vary with 
location and season which makes passive cooling performance unsuitable for solar 
concentrating applications. Low specific heat capacity and thermal conductivity of air 
also limit the passive cooling capability. Hence phase change material (PCM) is 
proposed as a passive thermal mass for addressing the passive cooling limitations.  
 
This chapter reviews the current types and applications of thermal energy storage 
systems, particularly on phase change materials (PCMs) and phase change material 
thermal storage (normally as latent heat storage) systems. The aim of this chapter is to 
explore suitable PCM as heat absorbing material for developing a self-operable, reliable 
and maintenance-free CSP system.  
 
3.2 Thermal energy storage 
Thermal energy storage (TES) plays an important role in energy conservation, 
especially in solar thermal applications. TES is designed to store the available solar 
energy during the day and use the stored energy later. The energy can be directly used 
as thermal energy or can undergo conversion to electrical energy.  
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Figure 25: Thermal energy storage (TES) types and classifications for solar energy 
(Sharma et al. 2009). 
 
Figure 25 shows the TES types and classifications. There are two main types of 
thermally based TES method which are sensible heat storage and latent heat storage. 
Both TES methods have their respective advantages and disadvantages in term of their 
thermal properties and applications. Both heat storages will be discussed in the 
following subsections. 
 
3.2.1 Sensible heat storage 
Sensible heat storage utilizes the sensible heat capacity and temperature change during 
heat storing and releasing process. The heat absorbing material can be in solid or liquid 
state without any change of phase.  The amount of heat storage depends on the specific 
heat, temperature change and the mass of the thermal storage material used. The 
amount of heat stored can be mathematically expressed as (Lane 1983): 
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Sensible heat storage has attracted large numbers of applications such as underground 
energy storage, aquifer thermal energy storage, borehole thermal energy storage and 
cavern thermal energy storage (Chiu & Vadiee 2011). It has the advantage of smaller 
heat exchange surface area due to direct interaction between the storage material and 
the heat transfer fluid. In addition, sensible heat storage materials such as rocks and 
water are inexpensive and easily available off-the-shelf.  
 
3.2.2 Latent heat storage 
Latent heat storage utilizes both sensible heat and latent heat capacities during heat 
storing and releasing process. It undergoes phase change transition and exhibits 
isothermal processes where there is no temperature change during change of phase. The 
amount of heat stored can be mathematically expressed as (Lane 1983): 
   
m f
i m
T T
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  (3.2) 
Latent heat storage uses phase change material (PCM) for storing thermal energy. The 
advantage of PCM is that the heat storage capacity is usually much higher than the 
sensible heat storage due to the latent of heat fusion during melting. Table 1 shows a 
comparison between sensible and latent heat materials. From the results, latent heat 
storage is seen as more attractive than sensible heat storage in term of thermal mass and 
volumetric storage containment required for storing the same amount of heat energy. 
For instance, the use of an organic PCM requires less than half the thermal mass and 
volumetric storage containment required by water as a sensible heat storage material. 
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Table 1: Comparison of sensible and latent heat storage materials. 
Property Rock Water Organic PCM Inorganic 
PCM 
Density [kgm-3] 2240 1000 800 1600 
Specific heat [kJkg-1k-1] 1.0 4.2 2.0 2.0 
Latent heat [kJkg-1] - - 190 230 
Storage mass for 106 J [kg] 67000 16000 5300 4350 
Storage volume for 106 J [m3] 30 16 6.6 2.7 
Relative storage mass 15 4 1.25 1.0 
Relative storage volume 11 6 2.5 1.0 
 
3.2.2.1 Solid-Liquid latent heat storage 
Solid-liquid PCMs are the most commonly used materials in TES applications. They 
are attractive because of their capability to store and release large amount of energy 
over a small temperature range. The volumetric change due to thermal expansion is 
small and poses negligible issues for the development of the thermal storage 
containment. 
 
3.2.2.2 Solid-Solid latent heat storage 
Solid-solid PCMs absorb and release heat in the same manner as solid-liquid PCM but 
they do not change into a liquid state under normal conditions. These materials will 
remain in solid state throughout the heat storing and releasing process. Physically, they 
will soften during heat absorption and harden during heat release. There is no 
volumetric change during heat storage which makes these materials attractive for use as 
wall materials in civil engineering. The drawback is the low latent heat of fusion which 
limits the heat storing capacity. 
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3.2.2.3 Liquid-Gas latent heat storage 
Liquid-gas PCMs have the largest latent heat storage capacity. However, volumetric 
storage capacity of the gaseous phase is very low. Storage containment needs to 
withstand high vapour pressure as the volumetric change caused by thermal expansion 
is very large. Therefore, it is not popular to for use in heat storage applications.  
 
Table 2: Comparison table of typical PCMs by phase transition category. 
Material type PCM Type Temperature 
range 
(
o
C) 
Latent heat 
(kJ/kg) 
Solid-Solid Organic 
compounds 
Solid-Solid 21 - 100 144-212 
Paraffins 
 (Organic) 
 
Solid-Liquid 
 
4.5 - 68 
 
165-266 
Salt Hydrates 
(Inorganic) 
 
Solid-Liquid 
 
0 - 897 
 
10-492 
Acetone 
Liquid-Gas 60 
(at 115kPa Abs) 
517 
(at 115kPa Abs) 
Water Liquid-Gas 100 
(at 101kPa Abs) 
2257  
(at 101kPa Abs) 
 
 
To design a reliable and cost effective latent heat storage system, the latent heat storage 
materials (PCMs) must exhibit desirable thermodynamic, kinetic and chemical 
properties. A summary of the desired selection criteria for PCM selection is shown in 
Table 3. 
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Table 3: Desired properties of latent heat storage materials (PCMs). 
Criteria Desired Properties 
Thermodynamics  A melting temperature within the operating temperature 
range 
 High latent heat capacity for lesser amount of material to 
store a given amount of heat energy 
 High density for smaller storage containment volume 
 High specific heat for providing greater heat storage 
capacity by utilizing the sensible heat capacity 
 High thermal conductivity for improving the heat transfer 
rate during melting and freezing 
 Congruent melting for constant melting and freezing  
temperature 
 Small volumetric changes during phase transition for 
design a simple and maintenance-free storage containment 
  
 
Kinetic  Little or no supercooling during freezing. The melting 
point should crystallize at its freezing point.  
Chemical  Chemical stability 
 No chemical decomposition for high thermal cycles 
 Non-corrosiveness 
 The material should be harmless to human and safe to use 
Economic  Available in large quantity, preferably off-the-shelves 
 Inexpensive 
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3.3 Phase change material (Solid-Liquid) 
Solid-liquid PCM is implemented in this research due to acceptably high latent capacity 
and minimal volumetric change during heat storage. It is very suitable as a heat 
absorbing material for storing the waste heat from CSP systems to achieve passive 
cooling. Classification of solid-liquid PCMs is summarized in Figure 26 and their 
description will be presented in the following sub-sections. 
 
 
Figure 26: PCM Classification (Sharma 2009). 
 
 
3.3.1 Organic PCM 
Organic based PCMs have many desired features that suit the selection criteria for 
developing a reliable and cost effective latent heat storage system. They exhibit 
congruent melting where there is no occurrence of phase segregation.  Furthermore, 
they are usually non-corrosive materials and crystalline with little or no supercooling. 
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3.3.1.1 Paraffin compounds 
Paraffin compounds are a family of saturated hydrocarbons and contain a major 
component called alkanes characterized by CnH2n+2. They usually look white and waxy. 
Paraffin wax is one of the examples which are commonly used in commercial heat 
storage (Lane 1983). It consists mainly of straight chain of hydrocarbons and has a 
range of melting temperature from 23-67
o
C (Abhat 1983). Chemically, the chain length 
has a direct relation to its melting temperature. Longer chains of hydrocarbon will 
exhibit higher melting temperature. (Hiran, Suwondo and Mansoori 1994). 
 
Paraffin wax exhibits most of the desirable characteristics of a PCM for storage 
application (Lane 1983; Hale, Hoover and O‟Neil 1974; Hiran, Suwondo and Mansoori 
1994; Sharma et al 2009). They are: 
 high heat of fusion  
 no supercooling 
 chemically inert and stable  
 high thermal cycle 
 self-nucleating 
 no phase segregation 
 Commercially available at reasonable cost.  
 
In spite of the above desirable properties, low thermal conductivity is the main hurdle 
that causes poor thermal performance of the organic based latent heat storage materials. 
In order to improve the heat transfer performance, metallic fins, high conductive matrix 
structure, metallic fillers and aluminium honeycomb are used to enhance their thermal 
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conductivity (Kenisarin and Mahkamov 2007). Table 4 lists some of the selected 
paraffin waxes used in commercial thermal storage (Zalba et al. 2003). 
 
Table 4: Physical properties of selected paraffin waxes (Zalba et al. 2003). 
Compound Melting 
temperature 
(
o
C) 
Heat of 
fusion 
(kJ/kg) 
Thermal conductivity 
(W/m K) 
Density (kg/m
3
) 
Paraffin C14 4.5 165 - - 
Paraffin C15-C16 8 153 - - 
Paraffin C16-C18 20-22 152 - - 
Paraffin C18 28 
27.5 
244 
243.5 
0.148 (liquid, 40oC) 
0.15 (solid) 
0.358 (solid, 25oC) 
0.774 (liquid, 70oC) 
0.814 (solid, 20oC) 
- 
Paraffin C16-C28 42-44 189 0.21 (solid) 0.765 (liquid, 70
oC) 
0.910 (solid, 20oC) 
Paraffin C29-C33 48-50 189 0.21 (solid) 0.769 (liquid, 70
oC) 
0.912 (solid, 20oC) 
Paraffin C22-C45 58-60 189 0.21 (solid) 0.795 (liquid, 70
oC) 
0.920 (solid, 20oC) 
Paraffin wax 64 173.6 
266 
0.167 (liquid, 63.5oC) 
0.346 (solid, 33.6oC) 
0.339 (liquid, 45.7oC) 
0.790 (liquid, 65oC) 
0.916 (solid, 24oC) 
Paraffin C21-C50 66-68 189 0.21 (solid) 0.830 (liquid, 70
oC) 
0.930 (solid, 20oC) 
 
 
3.3.1.2 Non-Paraffin compounds 
Non-paraffin compounds involve an extensive variety of organic materials such as fatty 
acids, esters, alcohols and glycols (Lane 1978; Ahbat 1983; Lane 1983; Lane 1989; 
Buddhi & Sawhney 1994). They are basically characterized by CH3(CH2)2nCOOH and 
have latent heats of fusion  comparable with paraffin (EPST, 1971). Zalba et al.  (2003) 
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have provided a list of fatty acids (Table 5) which have melting temperatures and latent 
heat of fusion close to paraffin compounds. Hasnain (1998) has conducted a study on 
fatty acids in relation to heating applications. He found out that fatty acids have 
attractive properties such as suitable melting temperatures and exhibit excellent thermal 
cycles without any sign of supercooling. However, the cost is about three times greater 
than of paraffin compounds. 
 
Table 5: Physical properties of selected fatty acids (Zalba et al. 2003). 
Compound Melting 
temperature 
(oC) 
Heat of 
fusion 
(kJ/kg) 
Thermal conductivity 
(W/m K) 
Density (kg/m
3
) 
Propyl palmiate 10 165 - - 
Isopropyl palmiate 11 153 - - 
Isopropyl stearate 14-18 152 - - 
Caprylic acid 16 
16.3 
244 
243.5 
0.148 (liquid, 40oC) 
0.15 (solid) 
0.358 (solid, 25oC) 
0.774 (liquid, 70oC) 
0.814 (solid, 20oC) 
- 
Capric acid 32 
31.5 
152.7 
153 
0.153 (liquid, 38.5oC) 
0.152 (liquid, 55.5oC) 
0.149 (liquid, 40oC) 
878 (liquid, 45oC) 
886 (liquid, 40oC) 
1004 (solid, 24oC) 
Lauric acid 42-44 
44 
176 
177.4 
0.147 (liquid, 50oC) 862 (liquid, 60oC) 
870 (liquid, 50oC) 
1007 (solid, 24oC) 
Myristic acid 49-51 
54 
58 
204.5 
187 
186.6 
- 
- 
- 
861 (liquid, 55oC) 
844 (liquid, 80oC) 
990 (solid, 24oC) 
Palmitic acid 64 
61 
63 
185.4 
203.4 
187 
0.162 (liquid, 68.4oC) 
0.159 (liquid, 80.1oC) 
0.165 (liquid, 80oC) 
850 (liquid, 65oC) 
847 (liquid, 80oC) 
989 (solid, 24oC) 
Stearic acid 69 
60-61 
70 
202.5 
186.5 
203 
0.172 (liquid, 70oC) 
- 
- 
848 (liquid, 70oC) 
965 (solid, 24oC) 
- 
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3.3.2 Inorganic PCM 
Inorganic PCMs are mainly made up of salt hydrates and metallic. They are different in 
terms of thermo-physical and chemical properties from organic PCMs. In the 
perspective of heat absorbing materials, inorganic PCMs are better in performance and 
organic PCMs are more reliable for latent heat storage development. The characteristics 
of organic and inorganic PCMs comparison are shown in Table 6 (Sharma, Kitano and 
Sagara 2004). 
 
Table 6: Advantages and disadvantages of inorganic PCMs  
(Sharma, Kitano and Sagara 2004). 
Inorganic PCMs 
Advantages Disadvantages 
Small volumetric change during phase 
transition 
Incongruent melting 
Easy available and low cost Super cooling problem  
Sharp melting point Nucleating agents are needed  
High thermal conductivity Toxic 
High heat of fusion Low thermal cycle 
Non-flammable Corrosive 
 
3.3.3 Salt hydrates 
Salt hydrates consist of salt and water which form a crystalline matrix when combined. 
They are characterized by S.nH2O (S represents an inorganic compound) and form an 
important class of heat storage substance. Examples of salt hydrates are calcium 
chloride hex-hydrate and barium hydroxide octa-hydrate. The advantages of salt 
hydrates over organic PCMs are high heat of fusion and thermal conductivity. A 
selected list of salts hydrates with thermo-physical properties is shown in Table 7. 
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The major drawback is the incongruent melting which result in non-uniform hydration 
within the salt hydrate, leading to density imbalance called a decomposition 
phenomenon. The recombination of the solid particles and the saturated solution is not 
possible in reforming the original salt hydrate (Sharma et al. 2009).  
 
Table 7: Physical properties of selected salt hydrates (Zalba et al. 2003). 
Compound Melting 
temperature 
(oC) 
Heat of 
fusion 
(kJ/kg) 
Thermal conductivity 
(W/m K) 
Density (kg/m3) 
H2O 0 333 
334 
0.612 (liquid, 20oC) 
0.61 (liquid, 30oC) 
 
998 (liquid, 20oC) 
996 (liquid, 30oC) 
917 (solid, 0oC) 
 
KF-4 H2O 18.5 152 - 1447 (liquid, 20
oC) 
1455 (solid, 18oC) 
1480  
CaCl2- 6H2O 29 
29.2 
29.6 
29.7 
30 
29-39 
190.8 
171 
174.4 
192 
- 
- 
0.540 (liquid, 38.7oC) 
0.561 (liquid, 61.2oC) 
1.088 (solid, 23oC) 
- 
- 
- 
1562 (liquid, 32oC) 
1496 (liquid) 
1802 (solid, 24oC) 
1710 (solid, 25oC) 
1634 
1620 
Na2S2O3-5 H2O 48 
48-49 
201 
209.3 
187 
- 
- 
- 
1600 (solid) 
- 
- 
Ba(OH)2-8 H2O 78 184 
265.7 
267 
280 
- 
0.653 (liquid, 85.7oC) 
0.678 (liquid, 98.2oC) 
1.255 (solid, 23oC) 
- 
1937 (liquid, 84oC) 
2070 (solid, 24oC) 
2180 (solid) 
MgCl2-6H2O 117 
115 
116 
168.6 
165 
- 
0.570 (liquid, 120oC) 
0.598 (liquid, 140oC) 
0.694 (solid, 90oC) 
0.704 (solid, 110oC) 
1450 (liquid, 120oC) 
1442 (liquid, 78oC) 
1569 (solid, 20oC) 
1570 (solid, 20oC) 
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3.3.4 Eutectics  
Eutectics are combinations of two or more components each melting and freezing 
congruently. They are basically mixtures of component crystals during crystallization. 
They liquefy simultaneously during melting and form intimate mixtures of crystals 
during freezing without any chance for the components to separate. Some of the 
selected eutectics are listed in Table 8 (Hasnain 1998). 
 
Table 8: Physical properties of selected eutectics (Hasnain 1998). 
Compound Melting 
temperature 
(oC) 
Heat of fusion 
(kJ/kg) 
Thermal conductivity 
(W/m K) 
Density 
(kg/m3) 
Na2SO4(32.5%)H2O(41.4%) 13 146 - - 
Lauric-Palmitic 33 145 - -  
32.9% Benzoic acid 48 144.5 0.13 (liquid, 100oC) 
0.282 (solid, 38oC) 
0.257 (solid, 52oC) 
- 
- 
- 
58.3%Mg(No3)6H2O + 
41.7%MgCl26H2O 
58 106 - - 
67.1%Naphthalene + 61.5% 
Mg(No3)6H2O + 
38.5%NH4NO3 
67 
51 
123.4 
131.3 
- 
0.136 (liquid, 78.5oC) 
- 
- 
 
 
3.4 Thermal cycles 
The reliability and cost effectiveness of latent heat storage systems are very dependent 
on the number of cycles they can withstand without any degradation in their properties 
and operational life span. Also, thermal storage materials with poor thermal cycle 
stability can lead to serious corrosion of the storage containment. Abhat (1983) 
recommends that thermal cycling tests on PCMs must be conducted over at least 1,000-
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2,000 cycles before evaluating their thermal stability, particularly with the inorganic 
salt hydrates.  
 
Organic PCMs usually exhibit higher thermal cycles than inorganic PCMs.  Sharma, 
Buddhi and Sawhney (1998) have conducted an accelerated thermal cycling test on 
stearic acid, paraffin wax and acetamide which is organic based PCMs. After 1500 
thermal cycles, they found out that there was no sign of degradation in melting point. 
Sar & Kaygusuz (2003) conducted a thermal stability analysis on fatty acids which are 
organic PCMs. 40, 410, 700 and 910 thermal cycles on the fatty acids have been tested 
and the thermo-physical properties were measured by using a differential scanning 
calorimeter (DSC) technique. The results showed that all fatty acids have a good 
thermal stability and can be considered as a promising middle-term thermal energy 
storage material. 
 
Mark (1980) conducted a thermal reliability test on Glauber‟s salt which is an inorganic 
PCM. The test results show that the thermal capacity shrank rapidly from 238kJ/kg to 
63kJ/kg after 40 cycles. In spite of added thickener, the thermal capacity of the 
thickened salt gradually reduced to 12kJ/kg after 140 cycles. His results have supported 
Cartsson & Stymre (1979)‟s thermal cycle analysis on Glauber‟s salt where he 
mentioned that the phase separation can decrease the heat capacity as much as 16% for 
every new cycle. Both have shown that Glauber‟s salt is not recommended for long-
term use.  
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3.5 PCM thermal storage containment  
In order to develop a cost effective PCM thermal storage unit, the containment‟s 
physical parameters such as volume of storage, induced pressure and material need to 
be carefully examined. The containment must be leak proof and able to maintain 
structural integrity after long exposure to thermal cycles. The containment also needs to 
be corrosion resistant especially in a high temperature environment. Schroder (1985) 
has studied most salt hydrates involving considerable change in volume which induces 
mechanical stress on storage containment. He found out that using flexible wall type of 
containment can solve the high thermal expansion of salt hydrates and can avoid 
damage to the containment such as local buckling after repetitive thermal cycles. 
Material compatibility between the storage containment and the intended PCM must be 
examined to avoid chemical degradation or reaction which will threaten the life span of 
the latent heat storage system. Yoneda et al. (1978), Heine (1981) and Schroder (1985) 
have conducted corrosion analysis of PCMs including organics, inorganic salt hydrates 
and inorganic eutectic compounds with metallic storage containment. The results show 
that the organic PCMs are most compatible with metal containments. For selection of 
containment material, stainless steel is the most compatible material with all PCMs. 
Copper is also compatible with all PCMs, except sodium thiosulphate 5-hydrate. 
Aluminium and its alloys are mostly incompatible with salt hydrates. Plastic materials 
are corrosion resistant to most inorganic salt hydrates and their eutectic compounds.  
 
3.6 Heat transfer enhancement of PCM thermal storage 
The heat transfer performance of latent heat storage and sensible heat storage are very 
different. As PCM melts upon reaching its melting point, the solid‐liquid interface 
migrates away from the heat transfer surface. This will lead to increases in thermal 
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resistance of the growing layer during liquid formation. In the case of freezing, heat 
conduction is the only heat transfer mechanism for the solidifying PCM.  
 
Natural convection can only occur in the melting stage where the liquid layer becomes 
dominant and increases the heat transfer rate compared to the conduction dominated 
freezing process. To further improve the low PCM heat transfer performance in both 
melting and freezing, heat transfer enhancement techniques can be utilized in latent 
heat storage systems. The most common approach is use of finned tubes or fins with 
different configurations which has been proposed by various researchers to improve the 
heat transfer rate of the latent heat systems (Velraj et al. 1997; Morcos 1990; Costa, 
Buddhi and Oliva 1998; Padmanabhan & Murthy 1986; Sparrow, Larsen and Ramsev 
1981; Eftekhar, Sheikh and Lou 1984; Chi & Kim 1992; Bauer & Wirtz 2000).  
 
 
Figure 27: Typical fin-fin arrangement for latent hat storage (Velraj et al. 1997). 
 
Some heat transfer enhancement techniques are more complex. For instance, injecting 
PCM into a metal matrix (Kamimoto et al. 1986; Hoongendoorn & Bart 1992; Tong, 
Khan and Amin 1996; Khan & Rohatji 1994; Stovall & Arimilli 1988; Hafner & 
Scharzer 1999) will significantly improve the heat transfer performance. The 
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drawbacks are the reduction in PCM storage capacity and high complexity of 
fabricating such thermal enhancements. Leoni and Amon (1997) have employed 
techniques using aluminum foam for increasing the effective thermal conductivity of 
the latent heat storage system. 
 
 
Figure 28: High heat conductive material, Lessing rings (Velraj et al. 1997). 
 
Several researchers focus on improving temperature uniformity of PCM during 
melting. Siegel (1977) and Velraj et al. (1997) embedded highly conductive particles 
into PCM to enhance heat transfer within the storage. A similar technique but more 
complex is the PCM slurry which uses microencapsulation of PCM with the heat 
transfer fluid (Mulligan, Colvin and Bryant 1996; Bedecarrats et al. 1996) to achieve 
uniform temperature distribution. Other heat enhancement methods are embedding 
PCM in graphite matrix structure (Mehling, Heiler and Ziegler 1999; Py, Olives and 
Mauran 2001), embedding carbon fiber brushes with PCM (Fukai et al. 2003), and 
mixing exfoliated graphite (EG) with PCM for improving the thermal conductivity of 
the latent heat storage. 
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Figure 29: Picture of PCM-Graphite composite material (Mehling 1999). 
 
Erk and Dudukovic (1996) presented a novel heat enhancement energy storage system 
using the idea of capillary forces in a porous silica support to retain the n-octadecane 
based PCM. This approach eliminates the expensive heat exchange surface and 
provides higher energy density and high heat transfer rate during heat storing and 
release. 
 
Figure 30 shows the commercial available PCM thermal storage products which are 
mainly manufactured in USA. Calcium chloride hex-hydrate, sodium sulphate 
decahydrate and paraffin wax are some of the common PCMs which filled in this 
thermal storage modules. The warrant service periods for most of the modules are 
between 1 to 2 years except for calcium hex-hydrate which has a guaranteed service 
period of 10 years. 
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Figure 30: Commercial available PCM thermal storage  
(Kenisarin & Mahkamov 2007). 
 
3.7 PCM thermal storage applications 
PCM thermal storage is essential for solar power systems to ensure a continuous supply 
of solar energy (heat energy) for domestic or commercial applications. As the daily 
solar irradiance is uncertain and inconsistence, storing solar heat using high energy 
storage density devices will certainly reduce the space requirement for installation. As 
mentioned in earlier, latent heat storage (PCM thermal storage) systems are preferred 
over sensible heat storage systems due to having higher energy storage density 
compared to sensible heat materials such as water and rocks. This section will review 
on the current applications and methods of using PCM thermal storage systems for 
space heating and cooling applications. 
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3.7.1 Heating 
Kaygusuz (1995) investigated the performance of using a dual-source heat pump 
system for residential heating in Trabzon. The dual-source configuration consisted of 
an evaporator coupled with solar heat collector for absorbing heat from the atmosphere 
or the solar energy storage. He concluded that the dual-source system was more energy 
efficient than the parallel and series heat pumping systems. He conducted another 
experimental and theoretical study to determine the performance of PCMs by varying 
the outlet fluid temperature with different values of NTU (number of transfer units) of 
the energy storage system for water based solar heating systems. This system consists 
of  the  solar  collector,  energy  storage  tank,  water-to-air  heat  exchanger,  auxiliary  
electrical  heater,  water circulating pump and other measuring and control equipment. 
He revealed that Na2.10H2O has slightly better performance (solar-supplied fractions) 
than other tested PCMs with the same mass of CaCl2.6H2O.  
 
Jurinak and Khalik (1978 & 1979) have studied the effects of using PCM on the 
performance of an air-based solar heating system. They concluded that the selection of 
PCM should be based on its melting temperature instead of its latent heat. They 
observed that melting temperature has a significant effect on system performance. As 
for latent heat capacity, they reported that using Na2SO4.10H2O requires about half the 
storage volume of a conventional water tank system.  
 
Fath and Hassan (1995) developed a simple solar air heater integrated with thermal 
energy storage system in which the different PCM were filled in the tubes designated as 
a heat absorber of the collector. The PCM filled was paraffin wax with a melting point 
50
o
C and latent heat of 190kJ/kg. The inorganic PCM was Na2SO4.10H2O with a 
57 
 
melting point 32
o
C and latent heat 251kJ/kg. For the system with built-in PCM, the 
heat load could be provided for the 24 hrs/day, at almost constant temperature. The 
daily average efficiency, with paraffin wax, is about 63.35% as compared to 59% with 
sand as the storage material and 38.7% for the conventional flat plate heater system. 
 
Strith and Novak (2002) used TIM (Transparent Insulation Material) and translucent 
PCM as wall composites for space heating and ventilation of a house. 60kg of paraffin 
wax with melting point 25-30
o
C and latent heat of 150kJ/kg was filled in a panel for 
space heating. The efficiency of solar energy absorbed into the PCM and transferred to 
the ventilation air was about 45%. Arkar and Medved (2002) also designed a solar 
assisted ventilation system based on PCM storage. He reported that ambient air could 
be cooled for 3-4
o
C in a clear summer night. He recommended that paraffin-filled 
spherical encapsulations can improve the thermal conductivity of paraffin via 
homogeneous porous effect. Sagara, Hisano and Terashima (1994) developed a 
theoretical heat transfer models within PCM-filled spherical capsules filled to estimate 
the long term performance of an air based solar heating system using a PCM. They 
found that the overall coefficient of performance (COP) of PCM thermal storage tank 
was higher than the other sensible thermal storage at relatively smaller capacity. They 
concluded that PCM storage tank was effective only at optimum tank capacity which 
excessive tank capacity can results in lower performance. 
 
3.7.2 Cooling 
Space cooling systems using PCMs are not as common as space heating systems. The 
most common heat storage materials for space cooling are ice and limited types of 
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PCMs. The PCMs for cool storage are low temperature type of inorganic salt hydrates, 
organic paraffin waxes and commonly eutectic salts.  
 
Nagano et al. (2003) investigated the PCM thermal characteristics of Manganese (II) 
Nitrate Hexahydrate which has melting point 25.8
o
C and latent heat of 125.9kJ/kg for 
passive cooling systems. To ensure that the PCM was stable for the cooling application, 
the Mn(NO3)2.6H2O was added with 4.0 wt% of MnCl2 .4H2O as effective additive to 
modulate the melting point and reduce the effect of supercooling. The temperature 
deviation from melting point for melting and solidification measured by differential 
scanning calorimetry (DSC) were approximately 6
o
C for and 4
o
C. The ambient 
conditions for the intended application were indoor air temperature of 28
o
C in the day 
and the outside cool air temperature below 16
o
C for melting and solidifying this PCM 
mixture.  
 
BoHe and Seterwall (2002) investigated the potential of utilizing PCM for static and 
dynamic cool storage process. They reported that the Rubitherm RT5 which was 
paraffin based PCM with melting point 7
o
C and latent heat of 158.3kJ/kg appears to be 
an excellent candidate in terms of its economic cost, congruently melting, self-
nucleation property and stable during cooling and heating cycles. 
 
Ryu et al. (1991) conducted a series of experiment on a rectangular cool storage tank 
with copper tube container. The tested configurations consisted of vertical and 
horizontal tanks to investigate the heat transfer characteristics. They found out that the 
thermocline of the heat transfer fluid (HTF) in vertical-tube system was better than 
horizontal-tube system in terms of heat transfer rate, COP and lower thermal resistance 
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during solidification of PCM. The flow rate and inlet temperature have great effect on 
the thermal performance on both systems. Chen et. Al (2000) investigated the pressure 
drop of an encapsulated thermal storage tank during heat charging process. The 
cylindrical capsules inside the thermal storage tank utilized water and nucleation agents 
as PCM mixture. The coolant was the aqueous solution of ethylene glycol. They 
concluded that the system could performance better by lowering the inlet coolant 
temperature with high flow rate. The heat transfer coefficient increases with the 
increment of the coolant flow rate and results greater pressure drop during the heat 
charging process. 
 
3.8 Chapter summary 
This chapter presents a detailed review of the type, thermo-physical properties, heat 
transfer enhancement and classification of PCM storage. The selection criteria focus on 
developing a reliable and cost effective PCM thermal storage system for CSP systems. 
Generally, organic based paraffin waxes and inorganic based salt hydrates are the 
commonly used PCM for latent heat storage. In spite of higher heat capacity and 
thermal conductivity of salt hydrates, issues of phase segregation, corrosive and low 
thermal cycles have made this inorganic category not feasible for reliable latent heat 
storage. Therefore the organic category is preferred as it fulfils most of the desired 
selection requirements except lower thermal conductivity.  
 
Paraffin wax is chosen to be the thermal storage material because of its proven 
characteristics including being non-corrosive, having high heat capacity and high 
thermal cycle life without thermo-physical degradation. These characteristics are very 
important to ensure that the proposed passive cooling system will not fail or degrade in 
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performance after prolonged use. The presented literature review has mentioned that 
the issue of poor thermal conductivity (0.2Wm
-1
K
-1
) of paraffin wax will be a hurdle 
for CSP applications.  
 
In the next chapter, heat pipe-based PCM thermal storage is proposed for the CTEG 
system for power generation.  Thermosyphons (gravity-assisted heat pipes) are used in 
the proposed system as passive heat transportation devices for transmitting the waste 
heat from the TEG module to the PCM thermal storage for heat spreading. Detailed 
system analysis and description are presented in the next chapter. 
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CHAPTER 4 – SYSTEM ANALYSIS AND 
MATHEMATICAL MODELLING 
 
 
4.1 Introduction 
In the light of chapters 2 and 3, this chapter presents a detailed description and analysis 
of incorporating PCM thermal storage concept into concentrated solar power (CSP) 
systems. Concentrated thermoelectric generator (CTEG) is selected as a solar-electric 
based CSP system for electrical power generation using the proposed passive cooling 
concept. The aim of this study is to design and develop a new stand-alone power supply 
(SAPS) system using CTEG system and PCM thermal storage (PCMTS).  In this thesis, 
the proposed SAPS system is addressed as a “CTEG-PCMTS system”. 
 
The system analysis of CTEG-PCMTS is broken down into two parts: theoretical 
system analysis and experimental system assessment. Chapter 4 (the current chapter) 
analyses the system concept and description. A mathematical model is developed using 
a 1-D finite difference method for predicting the thermal and electrical performance of 
the proposed system under different parametric conditions. Chapter 5 (the next chapter) 
presents an experimental assessment on the actual test rig. The aim of the study was to 
investigate the thermal and electrical performance of the CTEG-PCMTS under various 
solar concentrations.  
 
4.2 PCM thermal storage passive cooling concept 
In the light of Chapter 2, cooling performance of passive methods is highly dependent 
on the ambient conditions (wind speeds and air temperature) and is limited by the low 
specific heat capacity (1.005kJ/kg K @ 20
o
C) of the heat transfer fluid (air). Active 
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cooling methods do not have such dependency and limitations, as the cooling capacity 
of mechanical heat pumps (e.g. liquid cooling device) is controllable to suit different 
ambient conditions.  
 
Figure 31: Ideology of passive cooling cycle using PCM thermal storage.  
 
In order to achieve constant passive cooling performance, the rejected waste heat at the 
concentrated solar cells may be effectively transported to a heat storage device called 
“PCM thermal storage” and thereby achieve cell cooling. The thermal storage 
containment must be large enough to accommodate a high capacity thermal mass 
(PCM) to ensure a sufficient heat absorbing duration for cell cooling. In order to 
facilitate transfer of the waste heat in and out of the PCM thermal storage, an effective 
and reliable heat transporting system must be implemented in the proposed PCM 
thermal storage concept. In addition, the thermal storage containment must be insulated 
in order to maintain its maximum heat storage capacity by preventing any heat 
exchange arising from any undesired ambient conditions. Overall, the passive cooling 
concept using PCM thermal storage is by storing waste heat from the concentrated solar 
cells during the day and rejecting the heat stored in the PCM thermals storage to the 
cool surroundings during the night. 
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4.3 Description of CTEG-PCMTS system 
The CTEG-PCMTS system consists of CTEG cells and PCMTS to achieve power 
generation using passive cooling. The solar concentrator used in this study is a Fresnel 
lens concentrator. It concentrates the incoming solar radiation as concentrated solar flux 
and illuminates the designated heat collector as a passive heat source. In order for the 
TEG module to generate thermoelectricity, the proposed PCMTS is utilized as a heat 
absorbing mechanism for providing a temperature difference across the TEG cells.  
 
The passive cooling concept implemented on the CTEG-PCMTS system utilizes PCM 
thermal storage containment for latent heat storage during the day and releases the heat 
stored to the cool surrounding over the night. The PCM used in the thermal storage is 
paraffin wax which is an organic material. It has a low melting point of 27
o
C with high 
latent heat capacity (184kJ/kg). It is readily available, non-corrosive, has congruent 
melting and exhibits thermal cycling without any thermo-physical degradation over 
prolonged use. All of these properties are essential requirements for developing a 
maintenance-free and reliable thermal storage system. 
 
Figure 32 shows a schematic diagram of the proposed CTEG-PCMTS system. The 
concentrated solar radiation via the Fresnel lens concentrator provides the heat source 
for the hot side of the TEG cells. The waste heat at the cold side of the cells is 
transported to the PCM thermal storage by a gravity-assisted heat pipe (thermosyphon).  
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Figure 32: Schematic diagram of CTEG-PCMTS system. 
 
There are two thermosyphons proposed for the system where the primary 
thermosyphon is used for transporting heat from the TEG module to the PCMTS during 
the day, and the secondary thermosyphon is embedded in the PCM for transporting heat 
from the melted PCM out to the cooler surroundings. The evaporator section of the 
primary thermosyphon is thermally attached to the rear of the cold side of the TEG with 
a copper heat spreader. The waste heat is transferred through vaporization of the 
working fluid in the thermosyphon (copper-acetone configuration) to the PCMTS tank 
with very little temperature drop. The secondary thermosyphon embedded in the PCM 
in turn removes the heat stored in the melted PCM to the cool surroundings during the 
night. Also, the secondary thermosyphon acts as a thermal diode and is able to reject 
heat during the hot day when the PCM temperature reaches its working fluid saturation 
temperature.  Figure 33 shows the schematic diagram of the PCMTS utilising two 
thermosyphons for heat transportation. 
 
Fresnel lens 
Concentrator 
Primary 
thermosyphon 
Secondary 
thermosyphon 
PCM Storage 
tank 
Thermoelectric 
module 
Incoming 
solar radiation 
Tank stand 
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Figure 33: Primary thermosyphon evaporator section and secondary thermosyphon 
condenser embedded in PCMTS. 
 
Because of the low PCM thermal conductivity (~0.2 W/m.K), a long thermosyphon 
condenser section incorporating aluminium fin attachments is proposed in the system 
for providing a larger heat transfer surface area to improve the effective thermal 
conductivity of the PCMTS. Both thermosyphons are tiled at 5
o
 to horizontal for 
facilitating the gravity-assisted return of condensate to the evaporator. The PCMTS 
tank is required to be elevated on a tank stand to ensure the condenser section is above 
the evaporator section to facilitate the return of condensate. In hot weather, with strong 
sunlight or high ambient temperature, the useful PCM latent storage capacity can be 
reduced by heat infiltration through the tank walls. Therefore the tank casing is 
insulated to minimize heat infiltration and maintain maximum latent heat storage 
capacity for cooling the CTEG cells.  
 
4.4  Mathematical model for CTEG-PCMTS system 
4.4.1 Fresnel lens solar concentrator 
The energy balance equation for the CTEG-PCMTS system is given by: 
coin nv rad teg pcmQ Q Q Q Q      (4.1) 
Heat dissipation 
to ambient via 
secondary 
thermosyphon 
evaporator 
Heat transfer to 
PCM tank via 
primary 
thermosyphon 
condenser 
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The total energy inputs per unit time of the CTEG-PCMTS consist of the ambient heat 
losses by convection heat transfer
convQ , radiation heat transfer radQ , thermoelectric 
generation 
tegQ  and the heat absorption by PCMTS pcmQ . The magnitude of the 
concentrated solar heating power applied to the heat collector is governed by the 
designated solar concentration ratio CR. The heating power can be expressed as: 
in len abs si coQ I A CR       (4.2) 
The incoming solar radiation 
siI  is the solar radiant energy input on the collector area 
coA  of 80mm (length) and 40mm (width). The illuminated area of the heat collector is 
similarly sized to the total area of two TEGs (40mm x 40mm). The dimensions of the 
Fresnel lens solar concentrator are 1400mm (length) by 1050mm (width). The solar 
concentration ratio CR is the ratio of aperture area of the Fresnel lens concentrator to 
the heat collector area. The aperture area is variable and can be resized according to the 
required solar concentration to be illuminated on the heat collector. 
len
co
A
CR
A
  (4.3) 
The assumptions made for optical efficiency     of Fresnel lens and the heat absorptive 
of the copper heat collector      are similar assumed as 80% in this modelling 
respectively. Ambient energy losses by convection convQ  and radiation radQ  heat 
transfer will be accounted in the net energy absorbed into the system. 
co ( )nv air co co ambQ h A T T   (4.4) 
4 4( )rad co co ambQ A T T   (4.5) 
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The assumption made for heat losses to the surrounding by the heat collector is through 
convention and radiation heat transfer under the ambient conditions of wind speed 
airV  
of 4m/s and ambient temperature  
ambT  at 28
o
C. The Stefan-Boltzmann‟s constant (σ = 
5.67 x 10
-8 
Wm
-2
K
-4
) is applied to radiation heat transfer and convective heat transfer 
coefficient for top surface of the solar collector plate which is estimated by McAdam 
(1954): 
5.7 3.8air airh V   (4.6) 
 
4.4.2 TEG electrical and thermal performance 
The commercially available TEGs used in the module are Bismuth Telluride (Bi2Te3) 
which are widely used as thermoelectric units with dimensions of 40mm (length) x 
40mm (width) x 4mm (height). The temperature difference tegT  between the hot side 
hT  and the cold side cT  of the TEG module determines the amount of the output 
thermoelectric power tegP . The output power can be approximated by (Rowe & Min 
1998): 
2
2.
2
L
teg teg teg
teg
A
Q P F N T
L


  
        
    (4.7) 
2oc tegV N T       (4.8) 
Where, 
teg h cT T T         (4.9) 
The thermoelectric power output is governed by the electrical properties where AL is 
the area of the thermo-element, L is the length of the thermo-element leg,  is the 
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Seebeck coefficient, teg is the electrical resistivity, N is the number of thermocouples 
and F is the manufacture of quality factor. The characteristic information of the 
selected commercial available TEG is shown in Table 9. 
 
Table 9 Typical characteristics of Bi2Te3 TEG (Maneewan, Chindaruksa and Waewsak 
2008). 
Parameter Value 
No. of thermo-element legs 127 
Leg length or width (mm) 1.4 
Leg height (mm) 1.2 
Area of thermo-element (mm
2
) 1.96 
Contact height (mm) 1.0 
Insulator plate thickness (mm) 0.63 
Manufacture quality factor, F 0.65 
Max. operating hot side temperature (
o
C) 250 
 
Figure 34 shows the schematic diagram of the CTEG power unit which includes the 
Fresnel lens concentrator as the heat source and the heat-pipe based heat spreader as 
waste heat dissipation. The heat collector is made of aluminium and heat spreader is 
made of copper material because of their respective high thermal conductivity (Kal = 
237Wm
-1
K
-1
 & Kcu = 401Wm
-1
K
-1
) and high corrosive resistance. The primary 
thermosyphon evaporator section is thermally inserted to the copper heat spreader for 
waste heat transportation to the PCMTS for thermal storage. The TEG top panel (hot 
side) and bottom panel (cold side) are sandwiched between the metallic blocks to 
provide temperature gradient for thermoelectric power generation. 
 
 
 
 
69 
 
 
 
 
Figure 34: Schematic diagram of TEG module under concentrated solar flux via 
Fresnel lens concentrator. 
 
 
Figure 35: Thermal resistance network diagram from heat collector to primary 
thermosyphon. 
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Figure 35 shows the thermal resistance network of the heat collector to the primary 
thermosyphon. The thermal resistance for single TEG of 1.15
o
CW
-1
 is determined 
through experimental test. The aluminum heat collector and copper heat spreader have 
similar in contact area as two installed TEGs and thermal resistances are given as: 
1 2
co
co co
t
R
K A
        (4.10) 
3 4
sp
sp sp
t
R
K A
        (4.11) 
The thermal resistance for TEG: 
2 3
teg
teg teg
t
R
K A
       (4.12) 
 
4.4.3 Heat pipe based thermal storage 
In the proposed CTEG-PCM system, thermosyphons or gravity-assisted heat pipes are 
proposed as a passive heat transfer device for TEG module to the PCMTS. It is 
considered as an isothermal device which has the ability to transport large amount of 
heat over a considerable long distance with a small temperature drop (Hagens & 
Ganzevles 2007). The wickless structure of the thermosyphon enables it to be bended at 
certain angles for sun tracking purpose without significant penalty in thermal 
performance.  
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Figure 36: Thermal resistance network diagram from primary thermosyphon to 
PCMTS tank to ambient. 
 
Thermal resistance for the wall of thermosyphons 
The thermal resistances of both primary and secondary thermosyphons wall are 
function of its sectional length and pipe thickness. 
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Condenser section: 
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Heat transfer within thermosyphons  
The thermosyphon consists of a vacuum copper pipe and is filled with acetone as the 
working fluid. Acetone has a boiling point of 55
o
C at atmospheric pressure and latent 
heat of vaporization of 527kJkg
-1
 (Reay & Kew 2006). The saturation temperature for 
the primary thermosyphon is 40
o
C at vacuum pressure at 60kPa and for the secondary 
thermosiphon is 20
o
C at vacuum pressure at 27kPa. In the event of losing vacuum 
pressure due to pipe leakage, the acetone can still function as a heat transfer fluid 
because of its moderately low boiling point at ambient pressure. It will produce a strong 
smell for early detection and allows ample time before TEG cell damage during highly 
concentrated solar input. The thermal resistances for convective heat transfer of 
vaporization and condensation of working fluid are expressed as: 
 
Evaporator section : 
5 6
, ,
1
e p e p
R
h A
      (4.17) 
11 12
, ,
1
e s e s
R
h A
      (4.18) 
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Condenser section: 
6 7
, ,
1
c p c p
R
h A
      (4.19) 
12 13
, ,
1
c s c s
R
h A
      (4.20) 
The two-phase flow of the heat transfer fluid will circulate within the thermosyphon as 
long as temperature gradient is maintained between the evaporator and the condenser 
sections. The heat transfer coefficient within the thermosyphon is assumed under the 
working condition where only minimum fill volume of the working fluid which is 
required for maintaining liquid film on the wall of the thermosyphon. The simplified 
average heat transfer coefficients for both evaporator and condenser sections are given 
by the Nusselt analysis (Faghri, 1995).  
Evaporator section: 
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Condenser section: 
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Thermal resistance within PCM thermal storage 
Paraffin wax as PCM will undergo phase change (solid-liquid) upon reaching its 
melting point under constant heat dissipation by the thermosyphon condenser section. It 
is noted that conduction heat transfer will gradually diminish as natural convection heat 
transfer grow rapidly during liquid state transition (Gharebagi & Sezai 1997). However, 
the fin gap distance of the embedded aluminium attachments for both primary and 
secondary thermosyphon is very close and natural convention heat transfer can 
considered insignificant (Gharebagi & Sezai 1997). For modelling simplification, only 
pure conduction is assumed throughout the phase changing process.  
 
The thermal resistance for solid PCM within the aluminium fin gap is given by: 
8 9 9 10
2
fin pcm
fin fin pcm pcm
L L
R R
K A K A
       (4.25) 
The latent heat of fusion (H = 184kJ/kg) of PCM must be accounted for at the melting 
point (Tmelt = 27
o
C). The boundary conditions for heat storage in the PCM thermal 
storage are given as: 
Solid phase: amb pcm meltT T T   
  pcm pcm s pcm ambQ M C T T      (4.26) 
 
Solid-liquid Phase: pcm meltT T  
  pcm pcm s melt ambQ M C T T H      (4.27) 
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Liquid Phase: 
pcm meltT T  
   pcm pcm s melt amb pcm l pcm meltQ M C T T H M C T T      (4.28) 
 
Table 10: Thermo-physical properties of proposed paraffin wax (RT27) as PCM  
(Anon 2007). 
Description Value 
Melting temperature range [
o
C]  25-28 
Melting temperature [
o
C]  27 
Solid density [kg/m
3
] 880 
Liquid density [kg/m
3
] 760 
Latent heat capacity [kJ/kg] 184 
Specific heat capacity [kJ/kg K] 
(Solid/liquid) 
1.78/2.36 
Thermal conductivity [W/m K] (solid/liquid) 0.2/0.2 
 
 
4.4.4 Lumped thermal resistances-capacities formulation 
Figure 37 shows the thermal resistance diagram of the CTEG-PCMTS system. The 
lumped resistances network for CTEG-PCMTS system can be expressed as: 
 1 2 2 3 1
13
...i j i i
j i
R R R R    

       (4.29) 
The passive cooling of the CTEG module is achieved by melting the PCM in the 
thermal storage. Melting PCM is considered as a transient problem in which are 
involved the specific heat and temperature in determining the thermal capacity at each 
volumetric element. In order to facilitate the computational process, a thermal 
resistance-capacity formulation is applied on the governing equations of the CTEG-
PCMTS system.  
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Figure 37: Thermal resistance-capacity diagram of CTEG-PCMTS system. 
 
The general resistance-capacity formulation for energy balance on a node is given as: 
1p p
i iT TE c V
t t

 
 
 
    (4.30) 
Equation (4.28) can be re-written in term of spatial increment as: 
1p p
i i
ij
j
T TE
Q cA x
t t

 
  
 
  `  (4.31) 
The nodal volumetric thermal capacity is defined as: 
iC c V cA x          (4.32) 
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The lumped thermal-capacity formulation of the CTEG-PCMTS will be solved 
numerically by rewriting the forward-difference equations for all nodes and boundary 
conditions in one-dimensional form.  
1p p p p
j i i i
i i
j ij
T T T T
q C
R t
 
 

    (4.33) 
The lumped resistances of the CTEG-PCMTS system show in Equation 4.29 will be 
written into explicit numerical form together with the respective volumetric thermal 
capacity 
iC (Equation 4.32). The explicit formulation derived from Equation (4.33) for 
solving the future temperature 1p
iT
 is shown as: 
1 11
p
jp p
i i i
j ji ij i ij
Tt t
T q T
C R C R

    
         
   
     (4.34) 
Equation (4.34) is very useful in establishing the maximum allowable time increment 
for numerical solution. But the solution will become unstable due to rounding-off errors 
when encountering small thermal resistances during computational calculation (Holman 
2002). To minimize the problem, Equation (4.35) will be used instead of Equation 
(4.34) for solving the future temperature 1piT
 explicitly. 
1
p p
j ip p
i i i
ji ij
T Tt
T q T
C R

 
   
  
    (4.35) 
The concentrated solar energy is added into the CTEG-PCMTS system as radiant 
energy input. The radiant energy input is expressed as: 
''
i rad coq q A       (4.36) 
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Due to the variety of boundary conditions and non-uniform values of the space 
increments, the solution stability requirement of the explicit formulation must be 
carefully examined. To ensure stability, the time step t  must be equal or smaller than 
the value obtained using the following Equation 4.37: 
          
min
1
i
j
ij
C
t
R
 
 
  
 
 
 

 (4.37) 
 
4.5 Mathematical procedure and assumptions 
A finite difference method is used to solve the governing equations of the CTEG-
PCMTS system. It is a numerical approximation in which the computational domain is 
discretised into control volumes. As mentioned earlier, melting of PCM is considered 
to be a transient problem where a discrete time step t and discrete spatial step x are 
assigned in the discretisation procedure. Nodal temperatures are dependent on the two 
indices, i and j which correspond to the spatial step increment. MATLAB software is 
used as the numerical solver for obtaining the solution of the CTEG-PCM system.  
 
 
4.5.1 Assumptions  
Four basic assumptions were made during the numerical computation: 
 
1. The TEG assumed to be as one solid material where the thermal properties of the 
internal material and structure are neglected.  The thermal resistance value used in 
the model is determined from experimental test. Their Seebeck coefficient, 
electrical resistivity and thermal conductivity of are all constant with temperature. 
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2. The incoming solar irradiance is assumed constant. The thermal spreading on the 
heat collector and heat spreader are considered uniform.  
 
3. Due to the close-fin heat exchanger design and embedded in the PCM, the PCM 
thermal storage is considered as a solid material whereby the internal heat transfer 
mode is only by conduction in the numerical models. Natural convection heat 
transfer in the latter stage of melting is not considered in the modelling. 
 
4. The PCM thermal storage tank is assumed adiabatic and has no heat exchange with 
the external environment except for TEG. On the actual experimental rig, the PCM 
thermal storage tank is fully-insulated with LDPE.  
 
4.5.2 Computational flow chart 
A loop program is shown in Figure 38 for solving the transient problem (melting of 
PCM). The computational solution is designed in a way that the temperature at 
respective nodal point will undergo iteration for updating the previous temperatures 
with the new iterated temperatures in the CTEG-PCMTS system. The boundary and 
initial conditions of the system components and ambient conditions are required to be 
input in the numerical model before running the numerical iteration. As for the 
electrical performance of the TEG modules, the maximum power and open-circuit 
voltage outputs can be determined by computing the temperature difference across the 
TEG hot side and cold side temperatures (Th and Tc) shown in Equation 4.7. 
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Figure 38: Computational flow chart diagram. 
 
4.6 Chapter summary  
System description and mathematical modelling of the proposed CTEG-PCMTS 
system were presented and discussed.1-D finite difference method was used in 
mathematical modelling of the CTEG-PCMTS system for solving the time dependent 
problem of using PCM as a heat absorption mechanism. The amount of applied 
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concentrated solar heat at the hot side of the TEG module can be varied by changing 
the ratio of the aperture area of Fresnel lens concentrator over the illuminating area of 
the heat collector (solar concentration ratio). Thus the amount of thermoelectric power 
output is depended on the temperature difference between across the TEG module 
which governed by the applied solar concentration ratio. In the next chapter, 
experiment work will be conducted on the actual test rig which was fabricated in RMIT 
University. The outdoor experiment data will be used for validating the mathematic 
model.  
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CHAPTER 5 – EXPERIMENTAL ASSESSMENT OF 
A CONCENTRATED 
THERMOELECTRIC GENERATOR 
USING PCM THERMAL STORAGE 
 
 
 
5.1 Introduction 
As a sequel to Chapter 4, a heat pipe based PCM thermal storage was proposed for 
cooling CTEG cells passively. The selected organic PCM was paraffin wax which has a 
melting temperature of 27
o
C and latent heat capacity of 184kJ/kg. An experimental test 
facility was built in RMIT University to study the thermal and electrical performance of 
TEGs under various solar concentrations. Experimental arrangements, procedures and 
results are discussed in this chapter.  
 
5.2 Experimental framework 
The experimental assessment is presented in two parts: indoor analysis and outdoor 
validation. Because of the uncertainty of the weather conditions in Melbourne, indoor 
experiments were carried out in order to obtain the thermal and electrical data at 
various simulated solar concentrating conditions. Parametric study of the CTEG-
PCMTS system is presented using a mathematical model to analyse the thermal and 
electrical performance under different parametric conditions. To ensure the accuracy 
and reliability of the indoor experiment and mathematical modelling results, two 
samples results (100 and 120 suns) were validated against corresponding outdoor 
experimental results.  
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5.3 TEG characteristic analysis 
5.3.1 TEG physical information 
The TEG cells used in the CTEG-PCMTS system were made of Bismuth Telluride 
(Bi2Te3). Bismuth Telluride is a semi-conducting material which has attractive 
electrical properties of high Seebeck coefficient (~190µV/K) and high figure of merit 
(~2x10
-3
 1/K) (Slack 1994). These TEG cells are specially designed to withstand a high 
temperature working environment of up to 300
o
C (Customs thermoelectric 2010).   
 
 
  
Figure 39: Picture of used TEG cell (top) and bi-sectional view of the inner structure 
(below). 
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The experimental TEG cell consisted of 127 thermoelectric-legs which were 
electrically connected in series as shown in Figure 39. By providing a temperature 
difference between the hot and cold sides of the TEG cell, electrical power can be 
generated and the maximum power point can be determined by using an external load 
resistor. The maximum output power occurs when the external resistance is equal to the 
internal resistance of the TEG. An electronic load device was used in the experiments 
to determine the maximum output power at specific solar concentration ratios.  
 
It was important to determine the electrical characteristics of the TEG before using it on 
an actual experiment. An indoor test facility was constructed to determine the electrical 
and thermal characteristics of the proposed TEG. Detailed descriptions and procedures 
are presented in the following sections.  
 
5.3.2 Experiment setup 
Figures 40 and 41 show the schematic diagram and the actual indoor experimental 
setup for the TEG characteristic test. In the setup, the heat source was made from a 
copper block with a cartridge heater inserted. The heating power was variable by using 
an external variable power supply and the input heating power could be read by using a 
digital power display. The TEG cell (40mm x 400mm x 3.4mm) was sandwiched 
between the heater block and the water cooling block. To reduce the surface contact 
thermal resistances, silicone thermal paste was applied evenly at the interfacial contacts 
and a 20kg weight was used for compressing the TEG assembly.  
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Figure 40: Schematics of experimental set-up for TEG characterization. 
 
 
Figure 41: Diagram of experimental set-up and facilities for TEG characterization. 
 
The cold side of the TEG cell was cooled using a water cooled block at a constant flow 
rate of 11.11ml/s. T-type thermocouples were fixed inside the grooves on the heater 
block and water cooling block respectively for measuring the temperature difference 
across the TEG cell. The test sample was completely insulated to avoid any heat losses 
to the surroundings. Data from the thermocouples were recorded on a computer using 
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an Agilent 349070A data logger unit. The maximum power point was manually 
determined by an electronic load device (BK Precision 8540). Close-up view pictures 
of the heating and cooling blocks are shown in Figure 42. 
 
 
Figure 42: Water-cooling heat sink (Top-left), electric heater (Bottom-left) and TEG 
testing facility (Right). 
 
5.3.3 Temperature difference and maximum power output 
In this experiment, the temperature difference and the maximum power output of the 
tested TEG were determined by applying different heating powers to the heating block. 
The input heating wattages varied from 20-180W at a step size of 20W in order to 
increase the TEG hot side temperature. The cold side was cooled by using a water 
cooling block through which a constant flow rate of 11.11ml/s was supplied throughout 
all heating tests. 
 
Figure 43 shows the temperature profiles for the hot and cold sides at different heating 
powers. It is evident that the hot side temperature rises linearly with the heating power. 
The maximum hot side temperature recorded was 263
o
C at a heat input of 180W. The 
cold side temperatures showed only slight increase despite increasing heating powers. 
This was attributed to effective waste heat dissipation by the cooling water through 
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forced convection. The inlet water temperature was maintained at 23
o
C across all 
heating tests.  
 
 
Figure 43: TEG temperatures and maximum power outputs versus heating powers. 
 
The maximum power output of the TEG at a given heating level was determined by 
using an external load. It was observed that the maximum power output increased 
exponentially up to 155W of heating (Hot side temperature ~240
o
C) and less increase 
thereafter. This is ascribed to the Bismuth Telluride based TEG reaching its maximum 
electrical output limits. The Bi2Te3 TEG could operate continuously at up to 260
o
C and 
intermittent operation is advised for up to 380
o
C (Champier et al 2010). The TEG 
power output is the product of voltage and current outputs. The declining rate of 
increase of the power output can be traced by analysing the voltage and current output 
changes associated with progressive increase in heating power (refer to the next 
section). 
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5.3.4 Voltage and current outputs 
Figure 44 shows the open-circuit voltage (Voc) the maximum power point (Vmpp), short-
circuit current (Isc) and maximum power point current (Impp) at maximum power point 
(MPP) at the corresponding heating powers. 
 
Figure 44: TEG voltage and current outputs resistances versus heating powers. 
 
Generally, it was observed that both voltage and current outputs increased with higher 
applied heating power (or higher hot side temperature). The open-circuit voltage and 
short-circuit current were much higher than the voltage and current at the maximum 
power point (MPP). Both voltage and current outputs increased linearly with the 
applied heating power. However, the current output stagnated after the applied heating 
power exceeded 140W. The stagnated current output explained the reduced maximum 
power output growth, which was discussed in the previous section. Furthermore, the 
voltage output is the product of current output and electrical resistance of the TEG and 
the high temperature of the TEG have increased the internal resistance resulting in 
stagnation of current output.  
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5.3.5 Electrical and thermal resistances 
As mentioned previously, the internal electrical resistance of the TEG can be 
determined by using an electronic load device. The internal electrical resistance can be 
calculated by Equation 5.1 using the known values of the voltage and current outputs at 
the maximum power point. Figure 45 indicates the internal electrical resistance 
variation with respect to increasing heat power (or increasing hot side temperature of 
TEG).   
int
mppL
L
L mpp
VV
R R
I I
        (5.1) 
 
 
Figure 45: TEG voltage and current outputs versus heating power increments. 
 
The results show that the internal resistance of the TEG was increasing with hot side 
temperature. The maximum electrical resistance was 3.15Ω at 180W of heating (263oC 
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the obtained value if it was tested at the rated maximum hot side temperature of 300
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The thermal resistance of the TEG can be determined by using the following Equation 
5.2. 
hot cold
teg
in
T T
R
Q

     (5.2) 
The thermal resistance changed little with the increasing heating wattages. The thermal 
resistance had a small change from 1.145
o
C/W to 1.155
o
C/W over the heating wattage 
range of 160W. The average value for the thermal resistance was 1.15
o
C/W. 
 
5.4 Phase Change Material (PCM)  
5.4.1 Paraffin wax 
Paraffin wax RT27 (Rubitherm, 2009) was used as the heat absorbing material in the 
CTEG_PCMTS test rig. It is an organic based PCM and undergoes solid-liquid phase 
change transition during melting and freezing.  A 5kg quantity of the paraffin wax was 
used to fill up the heat pipe-based thermal storage containment as shown in Figure 46. 
  
    
Figure 46: PCMTS containment before filling (left) and filled (right). 
 
The heat pipes used in the CTEG-PCMTS test rig were gravity-assisted heat pipes 
(Thermosyphons). Thermosyphons require the assistance of gravity for the return of 
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Thermosyphons 
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condensate from the condenser section to the reservoir at the evaporator section for 
recirculation. Hence, the PCMTS containment was deliberately tilted at an angle of 5
o
 
for facilitating the return of condensate. 
  
5.4.2 DSC analysis 
The heat capacity of the PCM changes during phase change transition (Solid-liquid in 
this case) because of the difference in specific heat capacities of solid and liquid states 
as well as the inclusion of the latent heat of fusion. In order to determine the heat 
capacity-temperature profile of the intended PCM (paraffin wax), a high precision 
scanning technique was adopted. A differential scanning calorimeter (DSC) was used 
on the RT27 paraffin wax to determine the heat capacity profiles for the melting and 
freezing processes. Approximately 10mg of paraffin wax was sent to the RMIT 
Rheology and Material Processing laboratory for thermo-physical scanning. The DSC 
apparatus and paraffin wax sample are shown in Figure 47, 48 and 49.  
 
 
Figure 47: Differential scanning calorimeter (DSC) at RMIT Rheology and Material 
Processing laboratory. 
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Figure 48: Sampling compartment on the DSC instrument. 
 
    
Figure 49: Sample of paraffin wax for DSC testing. 
 
 
Figure 50: DSC results of the tested RT27 paraffin wax. 
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Figure 50 presents the specific heat capacity profile of the scanned RT27 paraffin wax 
for melting and freezing. From the results, the maximum specific heat capacity for 
melting occurred at 58Jg
-1
K
-1 
at the 26.6
o
C melting peak which was very close to the 
stated melting temperature of 27
o
C by the manufacturer. The maximum specific heat 
capacity for freezing occurred at 60Jg
-1
K
-1 
at 26.8
o
C freezing peak. The thermo-
physical data of the paraffin wax (RT27) are presented in Table 10. 
 
5.5 Equipment setup and procedure 
5.5.1 Indoor experimental setup and overview 
Figure 51 depicts the indoor experimental facility of the CTEG-PCM test rig. The set of 
measuring and data acquisition apparatus used was similar to that used in the previous 
TEG characteristic analysis.  The equipment and experimental uncertainties are listed in 
section 5.6. 
 
 
 
 
Figure 51: Indoor experimental setup for CTEG-PCMTS test rig. 
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In this assessment, the heat source was made from a copper block with two cartridge 
heaters inserted. The heating power of the copper heating block was variable by using 
an external variable power supply (A) and the applied heating wattage could be read 
using a digital power display (B). There were two TEG cells (40mm x 40mm x 3.4mm) 
installed in the TEG power unit (C) and they were connected electrically in series and 
thermally in parallel. Both the TEGs were sandwiched between the heater block and the 
copper heat spreader with silicone thermal paste evenly applied at the interfacial 
contacts. The composition of the TEG power unit can be seen in Figure 52. Two G-
clamps were used for compressing the TEG module to reduce the contact thermal 
resistance at both hot and cold panels of the installed TEG cells.   
 
 
Figure 52: TEG power unit of CTEG-PCMTS test rig using heating block as solar 
simulator. 
 
Figure 52 shows the cold side of the TEG cells was cooled by a copper heat spreader 
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pipe where the condenser section must be above the evaporator section to facilitate the 
return of condensate by gravity. It is a passive heat transporting device for transporting 
the waste heat at the cold side of the TEG to the PCMTS containment (G) for heat 
storage. Two thermosyphons were used in the rig where the primary condenser section 
and secondary evaporator section were embedded in the PCMTS. 
  
 
Figure 53: Skeletal view of CTEG-PCMTS test rig. 
 
T-type thermocouples (D) were used for measuring the temperatures of the CTEG-
PCMTS system. All exposed areas except the TEG module (C) and the fin-type 
radiator (H) were fully insulated with low density polyethylene (LDPE) foam. It has a 
low thermal conductivity of 0.036Wm
-1
K
-1
 (Thermotec 2012) and is capable of 
minimizing heat loss to or heat infiltration from the surroundings. Data from the 
thermocouples were recorded on the computer (E) using an Agilent 349070A data 
logger unit (F). The maximum power point was manually determined by an electronic 
load device (BK Precision 8540) (I).  Figure 54 shows a schematic diagram providing 
an overview of the indoor experimental setup of the CTEG-PCMTS system. Refer to 
Appendix A for more pictorial views of the CTEG-PCMTS rig. 
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Figure 54: Schematic diagram of CTEG-PCMTS indoor experimental setup. 
 
5.5.2 Outdoor experimental setup and overview 
An outdoor experiment was carried out to validate the indoor experimental and 
mathematical modelling results. Similar CTEG-PCMTS test rigs were used for both 
indoor and outdoor experiments to ensure system performance consistency. The 
outdoor experimental setup is illustrated schematically in Figure 55. 
 
In the outdoor experiments, a Fresnel lens concentrator as shown in Figure 56 was used 
as a passive heat source, providing concentrated solar radiation to the hot side of the 
TEG module. The optical concentration was determined by the division of the aperture 
area of the solar concentrator by the designated target area (heat collector). The heat 
collector was made from an aluminium block (80mm x 40mm x 20mm) and was 
thermally coupled at the hot side of the TEGs installed in the TEG power unit. The 
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solar concentrations tested on the CTEG-PCMTS rig were 100suns and 120suns. The 
thermal and electrical data were used for validating the indoor experimental and the 
mathematical modelling results. 
 
Figure 55: Schematic diagram for CTEG-PCMTS outdoor experimental rig. 
 
 
Figure 56: Fresnel lens concentrator for outdoor experimental testing. 
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Figure 57: Aluminum heat collector for receiving the concentrated solar radiation via 
Fresnel lens concentrator. 
 
Figure 57 shows the mounted aluminium heat collector which was thermally coupled to 
the hot side panel of the TEGs. The illuminated surface was painted in a dark colour to 
improve its absorptivity of the concentrated solar radiation. The outdoor experiment 
was conducted during the summer season when the ambient condition was sunny and 
the wind was mild. The average solar irradiance was 1010W/m
2
 ±10W/m
2
, average air 
temperature of 28
o
C and the air speed was 4m/s ±2m/s.  
 
Figure 58 shows the CTEG-PCMTS test rig under 100suns of solar concentration 
during the outdoor experiment. As mentioned previously in relation to the indoor 
experiment setup, the CTEG-PCMTS was insulated with low density polyethylene 
(LDPE) foam to avoid heat loss and heat infiltration from the external surroundings. In 
this outdoor experiment, the PCMTS containment was additionally covered with a 
white box in order to shield against the surrounding diffuse solar radiation. This 
Aluminum 
Heat collector 
(Hot side) 
Copper Heat 
spreader 
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shielding was designed to minimize heat infiltration into the PCMTS. A scissor lift 
trolley was used for adjusting to the required focal length at different solar 
concentration ratios.  
 
 
Figure 58: Outdoor CTEG-PCMTS experimental rig setup 
 
 
Figure 59: CTEG-PCMTS heat collector under concentrated solar illumination. 
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Figure 59 shows the heat collector under 100 suns of solar illumination. The incoming 
solar radiance was ~1000Wm
-2
 and the heat collector temperature reached as high as 
233
o
C during testing. 
 
 
 
Figure 60: Outdoor experimental rig (CTEG-PCMTS system) without insulation. 
 
Figure 60 shows the CTEG-PCMTS test rig without the insulation. There are 20 T-type 
thermocouples used in the CTEG-PCMTS rig for measuring the thermal performance. 
Thirteen of them were located in the PCMTS containment for measuring the PCM 
temperature during melting and freezing. The thermocouple locations in PCMTS are 
presented in Figure 61. Further pictorial views of the CTEG-PCMTS rig are contained 
in Appendix B 
 
 
101 
 
 
Figure 61: Thermocouple locations in PCMTS containment. 
 
5.6 Uncertainty analysis 
Results from the equipment used for measuring temperature and electrical data have 
some degree of uncertainty. The measuring value and the resolution of the equipment 
are listed in Table. 11. The relative uncertainties for the used equipment were 
calculated based on (Kline 1985): 
                     
              
               
   (5.3) 
Two repetitions (N) were conducted for the indoor experiment and each set of 
simulated solar concentration was controlled by using a variable power heater. The 
formulas used for quantifying the set of data, the mean value x and standard deviation
  are shown in Equations 5.4 and 5.5 respectively (Coleman & Steele 1989). Hence 
the experimental uncertainty can be shown as /x  . The maximum indoor experimental 
uncertainty for respective applied solar concentration is summarized in Table 12.The 
detailed calculations for all tested indoor experiments are shown in Appendix C. 
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The maximum power output maxP  is the multiplication of mppV and mppI , the uncertainty 
can be estimated by using the following equation 5.6. 
2 2
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   (5.6) 
Table 11: List of equipment uncertainty. 
Instrument Resolution Measuring 
values 
Relative 
uncertainty 
Electronic load device – Current 
measurement 
1mA 0.09-1.85A 5.56% 
Electronic load device – Voltage 
measurement 
1mV 0.3-12.33V 0.16% 
T-Type thermocouple 0.1
o
C 20-300
o
C 0.25% 
AR856 Handheld Anemometer 0.1ms
-1 
6ms
-1 
0.71% 
The 105HP Handheld Pyranometer 1Wm
-2 
1000Wm
-2 
0.1% 
 
Table 12: List of maximum indoor experiment uncertainty. 
Tested solar 
concentration: 
20suns 40suns 60suns 80suns 100suns 120suns 130suns 
Thot 1.56% 0.9% 1.31% 0.62% 0.86% 1.23% 1.18% 
Tcold  1.8% 0.56% 1.53% 2.79% 3.24% 1.76% 5.3% 
Voc 1.67% 0.38% 0.28% 0.33% 0.85% 2.95% 1.03% 
Isc 2.04% 6.26% 0.54% 0.08% 0.27% 0.46% 0.35% 
Vmax (MPP) 4.62% 1.81% 0.49% 0.56% 1.7% 2.03% 1.27% 
Imax (MPP) 2.57% 3.52% 0.97% 0.22% 0.07% 0.24% 0.3% 
Pmax (MPP) 5.28% 3.97% 1.09% 0.61% 1.71% 2.05% 1.3% 
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Based on the above estimated uncertainties for the indoor experiments, the maximum 
equipment and the experimental uncertainty are 5.56% and 6.26% respectively. Hence 
the reliability of the indoor experiment is considered acceptable. 
 
 
5.7 Results and discussion 
5.7.1 Indoor experiment and numerical model validation 
 
 Figure 62: Numerical modelling, indoor and outdoor experimental results validation 
(100 suns). 
 
Figures 62 and 63 present the temperature profile comparisons for the TEG hot side and 
the TEG temperature comparison between indoor experiment, numerical modelling and 
the outdoor experiment. The validating solar concentrations were 100suns and 120suns. 
Both numerical modelling and indoor experiment data showed good agreement with 
those from the outdoor experiment. The indoor experiment for TEG hot side 
temperature was ~14
o
C (6.25%) higher for 100suns and ~13
o
C (4.92%) higher for 
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120suns against the outdoor experiments. The numerical model provided a very close 
match (< 1%) to the outdoor experiment. 
 
 
Figure 63: Numerical modeling, indoor and outdoor experimental results validation 
(120 suns). 
 
During the indoor experiment, the heat flux applied to the solar simulator did not take 
into account the optical efficiency (~85%) of the Fresnel lens concentrator. In addition, 
the lens clarity of the Fresnel lens was no longer as clear as originally because of 
degradation. Thus the hot side temperature of the indoor experiment had risen higher 
than in the actual outdoor experiment. In the case of the numerical model, the 
assumptions included the adoption of 85% for optical efficiency and 5% optical loss for 
lens clarity degradation. The numerical modelling results were in good agreement with 
the outdoor experiment results for both 100 suns and 120suns based on the above 
assumptions. The numerical model is used for predicting the thermal and electrical 
performance in the parametric analysis section 5.7.4. 
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Table 13: Validation on maximum power output and open-circuit voltage. 
Type of result Max. power 
output 
Difference  Open-circuit 
voltage  
Difference  
Outdoor (100suns) 5.49W Ref. 8.99V Ref. 
Indoor (100suns) 5.99W +9.10% 10.00V +11.23% 
Model (100suns) 5.26W -4.18% 8.48V -5.67% 
 
Outdoor (120suns) 7.47W Ref. 10.96V Ref. 
Indoor (120suns) 7.91W +5.89% 11.48V +4.74% 
Model (120suns) 7.64W +2.27% 10.17V -7.21% 
 
Table 13 shows the electrical data comparison for the maximum power output and 
open-circuit voltage of the TEG module. The indoor experimental results were 
approximately 5% and 11% higher on maximum power and open-circuit voltage 
outputs than in the outdoor experiment. As the quantity of thermoelectric power is 
governed by the temperature difference across the TEG module, both the electrical 
results were expected to be higher because of the greater temperature difference across 
the TEG during the indoor experiment as presented in Figure 62 and 63.  
 
As for the electrical prediction for the TEG module, there were small discrepancy 
between the numerical model and the actual outdoor results. For maximum power 
outputs, the numerical model had predicted ~4.2% lower for 100suns and 2.3% higher 
for 120suns. The predicted result for open-circuit voltage is ~2% higher at 100suns and 
0.6% at 120suns. These small prediction discrepancies were due to the slight mismatch 
of the assumed values and the actual values of the thermoelectric properties in the TEG 
module used. The TEG manufacturer did not disclose the thermoelectric properties of 
the purchased TEG and the assumptions made in the mathematical modelling were 
based on the typical thermoelectric characteristics of Bi2Te3 TEG provided by Rowe 
(2005). 
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5.7.2 Thermal analysis 
Figure 64 shows the temperature profiles of the TEG module at various solar 
concentrations. The results presented were from experiments conducted indoors under 
controlled ambient conditions where the air temperature was 24
o
C and the air was still. 
It was observed that the TEG hot side temperature rose steadily with the applied 
heating power simulating the effect of the concentrated solar fluxes at designated solar 
concentrations. The smooth linearity is attributed to the ambient heat losses by natural 
convection and radiation heat transfer being insignificant during the indoor 
experiments. The air in the laboratory was still and the exposed surface area of the TEG 
power unit (40mm by 80mm) was too small to have an impact on the TEG hot side 
temperature by natural cooling even at high solar concentration.  
 
 
Figure 64: TEG temperature profiles versus solar concentration (Indoor). 
 
The TEG cold side temperature increased very gradually compared to the rate of 
change of the hot side temperature. The thermal retardation at the TEG cold side was 
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0
50
100
150
200
250
300
350
20 30 40 50 60 70 80 90 100 110 120 130
T
e
m
p
e
r
a
tu
r
e
 (
o
C
) 
Solar concentration 
TEG hot side
TEG cold side
TEG temp. diff
Temperature 
difference 
107 
 
was thermally attached in the copper spreader for transporting the absorbed waste heat 
to the PCMTS via latent heat of vaporization of the internal working fluid. The 
thermosyphon was made of copper pipe in which the working fluid was Acetone. The 
saturation temperature of the working fluid was designated at 40
o
C when the inner 
absolute pressure was slightly lower than atmosphere pressure. It was noted that the 
PCM used had low thermal conductivity (paraffin wax, 0.2Wm
-1
K
-1
) and would pose a 
heat exchanging limitation in the PCMTS via the embedded primary thermosyphon 
condenser. To minimize the risk of dry-out at the evaporator section, 60% fill ratio of 
the working fluid was charged into the thermosyphon. It was noted that a higher filling 
ratio will reduce the heat transfer performance of the gravity-assisted thermosyphon 
where 10-30% is the optimum filling ratio. The trade-off of having lower heat transfer 
performance due to higher filling ratio was more feasible than having dry-out at the 
evaporator which would damage the TEGs at extremes of high temperature.  
 
The heat transfer performance of the thermosyphon was constant throughout all tested 
solar concentration ratios from 20 to 130suns. 1000Wm
-2
 of applied heat flux 
corresponds to solar heating at the 1suns condition with incoming solar irradiance of 
1000Wm
-2
.  There was no spike in temperature observed at the TEG cold side during 
all tested solar concentrations. Therefore the thermosyphon was considered to be 
operating below the dry-out limit and critical heat flux. However, the TEG cold side 
temperature rose gradually from approximately 50
o
C to 100
o
C at higher applied solar 
concentrations. The rising temperature of the melted PCM that surrounded the primary 
condenser walls was unable to keep the condenser walls below the saturation 
temperature of the working fluid. Consequently higher vapour pressure was built up in 
the condenser section which increased the saturation temperature of the working fluid. 
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In addition, the higher filling ratio will have contributed to high saturation pressure 
because of less vapour space in the thermosyphon under high applied heat flux. Hence, 
high evaporator and condenser wall temperatures were expected at increasing solar 
concentrations. 
  
 
Figure 65: Primary thermosyphon thermal resistance versus applied solar 
concentrated heating load. 
 
The thermal resistance between the evaporator wall and the condenser wall at different 
applied solar concentrations is presented in Figure 65. It is evident that the thermal 
resistance of the thermosyphon was high (0.32
o
CW
-1
) at lower solar concentrations and 
lower (0.11
o
CW
-1
) at higher solar concentrations. The working fluid in the evaporator 
section enters the nucleate-boiling stage earlier at highly concentrated solar heat flux 
and the heat transfer coefficient is much greater than in the natural convection boiling 
stage at lower solar concentration. High solar flux promotes greater superheat and 
larger flow vapour flow rate to the condenser section, leading to higher heat transfer 
efficiency. The primary thermosyphon condenser section was thermally enhanced with 
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aluminium fins attached to improve the heat transfer performance by providing a 
greater heat transfer area. Figure 66 shows the heat transfer coefficient performance at 
different solar concentration ratios. It is evident that the heat transfer coefficient 
increased from approximately 2500 to 6500Wm
-2o
C with solar concentration increase. 
 
Figure 66: Heat transfer coefficient of primary thermosyphon. 
 
 
Figure 67: Mean PCM temperature of the CTEG-PCM system at different solar 
concentration ratio of 20, 40, 60, 80, 100, 120 and 130 suns. 
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Figure 67 shows the mean temperature profiles and the heat absorbing durations of the 
PCM in the PCMTS containment. It is observed that the melting durations reduce 
exponentially with increasing solar concentrations. This is attributed to the higher 
primary condenser wall temperature which provided a greater temperature gradient 
between the outer condenser walls and the cooler PCM. Thus the higher temperature of 
the condenser walls improved the heat transfer rate within the PCMTS.  
 
The close-fin gap (high number of metallic fins) heat enhancement approach was used 
in the PCMTS for providing larger heat transfer surfaces to improve PCM melting. As 
mentioned in Chapter 3, using a high number of metallic fins only improved the heat 
transfer to a certain point after which marginal improvement was observed. That is 
because of the reduction of the natural convection heat transfer of PCM within the 
small fin gap. In the case of the CTEG-PCMTS design, this heat enhanced PMCTS is 
considered as conduction-dominated process where little or no natural convection effect 
occurs internally. In addition, the melted PCM which has a slight lower thermal 
conductivity due to a layer of thermal resistance between the heat transfer surfaces. As 
melting progresses, this liquid PCM layer will grow thicker and increases the thermal 
resistance, affecting the heat dissipation rate by the condenser section. The high 
thermosyphon wall temperature was partly contributed to by the growing thermal 
resistance of the PCM and the increased cold side temperature of the TEG.   
 
Figure 68 illustrates the melting stages of the PCMTS at 100suns solar concentration 
during 60mins of indoor testing. 
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Figure 68 Melting stages of the PCMTS at 100suns solar concentration. 
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Figure 69: Freezing temperature profiles at 20suns, 60suns and 120suns. 
 
Figure 69 shows the freezing temperature profiles during 20suns, 60suns and 120suns. 
It is clearly evident that the temperature profiles were all similar. The heat dissipation 
rate to the surroundings by the embedded secondary thermosyphon depends on the 
temperature gradient between the temperature of the secondary condensers and the 
ambient temperature. 
 
5.7.3 Electrical analysis 
Figure 70 shows the maximum power output and temperature difference of the TEG 
versus solar concentration. The TEG power unit was installed with two TEG cells 
which were electrically connected in series. It was found that there was a quasi-linear 
relationship between the TEG power output and the temperature difference across the 
cell. The maximum power output of the CTEG-PCMTS system was 8.47W at a solar 
concentration of 130 suns. This was the maximum power output of the TEG power unit 
(two installed TEGs) when using the CTEG-PCMTS test rig as the TEG hot side 
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temperature (295
o
C)  was close to the maximum operable limit at 300
o
C recommended 
by the manufacturer (Custom thermoelectric 2010). 
 
Figure 70: TEG temperature difference and maximum power output versus solar 
concentration (Indoor). 
 
 
Figure 71:  TEG maximum power output (P) and TEG cell conversion efficiency at 
different solar concentration ratio of 20, 40, 60, 80, 10, 120 and 130 suns.  
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achieved was 2.08%. This achieved efficiency agrees well with the literature where the   
energy conversion efficiency of a typical solar-driven TEG is approximately 2-3% (Xi 
et al 2007). The open-circuit voltage (Voc) and the short-circuit current (Isc) presented in 
Figure 72 give an overview of the TEG electrical characteristics at different solar 
concentrations. The open-circuit voltage has a linear relationship with the solar 
concentration and achieved a maximum value of 12.33V. However, the short-circuit 
current showed a different phenomenon where the linear gradient started to fall beyond 
80suns of solar concentration. The TEG cell efficiency stagnated at approximately 1.8-
2.3% despite the increase in temperature difference across the TEG cell. It is observed 
that the current output is the main factor for limiting the electrical performance. The 
electrical soldered joints do contribute to the electrical behaviour as they are the 
connection between the external load and the physical cell. Therefore it is advisable to 
maintain the hot side temperature below 250
o
C or 100suns solar concentration for 
CTEG-PCMTS rig for a long term power generating applications. 
 
 
 
Figure 72: TEG open-circuit voltage (Voc) and short-circuit current (Isc) at different 
solar concentration ratio of 20, 40, 60, 80, 10, 120 and 130 suns. 
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Table 14: TEG Thermal and electrical performance comparison. 
Author Kim et. al 
(2011) 
Singh, 
Tundee & 
Akbarzadeh 
(2011) 
Maneewan & 
Chindaruksa 
(2009) 
Current 
investigated 
CTEG-
PCMTS 
system 
TEG type Bi2Te3 Bi2Te3 Bi2Te3 Bi2Te3 
No. of units 72 16 12 2 
Heat source Car engine 
coolant 
Solar pond Biomass drier Concentrate
d solar heat 
(130suns) 
Cooling method Air-cooled Water-
cooled 
Water-cooled PCM-cooled 
(Paraffin 
wax) 
Cooling type Passive Active Active Passive 
TEG hot side (
o
C) 95 90 230 295 
TEG temperature 
difference (
o
C) 
50 27 170 184 
Output power (W) 75 3.2 146.5 8.47 
System efficiency (%) 0.3 1 4.05 2.1 
 
Table 14 shows the thermoelectric performance of the proposed CTEG-PCMTS system 
and other published TEG systems. Based on the comparison, it is clearly seen that 
active cooling methods do have better performance than passive methods. In term of 
output powers (approximated via extrapolation) and system efficiencies, the CTEG-
PCMTS system has performed better than both passive and active based TEG systems 
presented by Kim et.al (2011) and Singh, Tundee and Akbarzadeh respectively. This is 
because heat pipe based PCMTS is able to operate at much higher hot side temperature 
and generates greater thermoelectricity. Maneewan and Chindaruks (2009)‟s system 
has higher thermal and electrical performance than CTEG-PCMTS system due to lower 
operating temperatures (hot and cold sides) in spite of close temperature difference 
across the TEG cells. Generally, the system efficiencies for active cooling methods are 
approximated ~3 folds higher than passive means.  
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5.7.4 Parametric analysis 
This section describes the use of the mathematical model to predict the thermal and 
electrical performance of the CTEG-PCMTS test rig under different parametric 
conditions. The aim of this analysis was to study the thermal and electrical performance 
under different ambient conditions.  
 
The incoming solar irradiance during clear and sunny weather is approximately 
1000Wm
-2
. However, there will be occasions where the incoming solar irradiance is not 
constant because of moving clouds and dust particles. Figures 73 and 74 present the 
predicted thermoelectric power output and hot side temperature at the given solar 
concentration. 
  
Figure 73: TEG power output versus incoming solar irradiance at designated solar 
concentration. 
 
Figure 73 shows the maximum power outputs of the TEG at different incoming solar 
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regions where the solar irradiance is lower, higher solar concentration is needed to 
maintain the required amount of thermoelectricity generation. The solar concentration 
ratio can be varied by changing the aperture area of the Fresnel lens concentrator and 
adjusting the focal length for maximum solar illumination on the heat collector.  
 
One option for reducing the power generation cost is by using Peltier-type Bi2Te3 
thermoelectric cells. Generally, there are two types of commercially available Bi2Te3 
thermoelectric cells: Seebeck-type cells and Peltier-type cells. The installed TEG in the 
described CTEG-PCMTS system was Seebeck-type cells which are designed to 
generate thermoelectricity in a high temperature environment (250-380
o
C). However, 
the price of a Seebeck cell (40mm x40mm) is approximately USS50-70 based on 
market surveys on three prominent TEG manufacturers (Custom thermoelectric, 
Thermonamics and Tellurex thermoelectric companies). Peltier-type cells are 
commonly used for thermoelectric coolers and are inexpensive (~5x lower) compared 
with Seebeck-type cells. These Peltier-type cells can also be used for generating 
thermoelectricity but the working temperature is relatively low (~150
o
C). Some energy 
harvesting applications such as energy harvesting from a solar pond (Singh et al 2011) 
use Peltier cells for cheaper thermoelectricity generation. Furthermore, the laboratory 
test results for electrical and thermal characteristics on Peltier-type TEG cell which 
were conducted by Akbarzadeh, Singh and Fan (2009) have shown similar 
characteristics as they used Seebeck-type cells within their maximum operating thermal 
limit (150
o
C).  
 
Figure 74 provides the predicted maximum hot side temperature of 2-TEG power unit 
versus the incoming solar irradiance at the stated solar concentrations.  Since the 
118 
 
Peltier-type cells have similar thermal and electrical characteristics to those of the 
proposed TEG, Figure 74 is applicable if the Peltier cells are installed in the CTEG-
PCMTS test rig. However, it is important to exercise caution on the hot side 
temperature when incorporating Peltier cells onto the CTEG-PCMTS system as the 
maximum working temperature is 150
o
C. Hence, the maximum solar concentration 
when using Peltier-type TEG is 60suns. 
 
 
Figure 74: TEG hot side temperature versus incoming solar irradiance at different 
solar concentration.  
 
The two main factors that governed the passive cooling duration were the degree of 
applied solar concentration and the amount of PCM mass required for passive cooling 
duration. Thus a larger amount of PCM is required in the thermal storage for longer 
cooling duration for a single highly solar concentrated TEG power unit or with 
multiples of lower solar concentrated TEG power units. The maximum solar 
concentration for the CTEG-PCMTS system is 130suns for which the hot side 
temperature (295
o
) which is close to the maximum working limit of the TEG (300
o
C). 
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As mentioned earlier, a typical Bismuth Telluride based TEGs usually requires working 
temperature below 250
o
C for continuous operation which is 100suns of solar 
concentration on the CTEG-PCMTS test rig. Hence, it is advisable to use multiple TEG 
power units for increased generation of thermoelectricity. Figure 75 shows the required 
amount of PCM for the respective applied solar concentrations. From the results, 35 kg 
of PCM is required for passive cooling duration of 6hrs at 100suns of solar 
concentration.  
 
 
Figure 75: PCMTS cooling duration versus PCM mass at different solar concentration. 
 
5.8 Chapter summary 
In this chapter, experimental assessment was carried out on the CTEG system using 
PCMTS for thermoelectric power generation. The proposed PCMTS is used for 
absorbing the waste heat from the heated TEG modules via melting of PCM (paraffin 
wax). In this study, indoor experiment assessment and outdoor experimental validation 
for 100suns and 120suns of solar concentrations were conducted to ensure the 
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reliability of the indoor experimental results. The mathematical model presented in 
Chapter 4 was validated against both indoor and outdoor experimental results. Good 
agreement between the indoor experiment and mathematical modelling was achieved.  
 
The indoor experiment has proved the concept of using PCMTS on CTEG system, 
which was able to generate a maximum electrical output of 8.45W under 130sun of 
solar concentration during the indoor testing. Thermosyphons and aluminium fin 
attachments were using to improve the heat transfer performance of the system. Based 
on the specification of the CTEG-PCMTS rig, 5 kg of paraffin wax was able to cool the 
TEG modules under 100suns for ~60 mins and generated a maximum power of ~6W. 
Hence the approximate electrical energy output is 21.6kJ and the system is reusable. 
The stored heat in the melted PCM may be dissipated to the cool surroundings during 
the night via an embedded thermosyphon, in preparation for the next day‟s cooling 
operation. The repetitive melting and freezing of the PCM allows the CTEG-PCMTS 
system to become a self-operable power generator. Furthermore, the passive cooling 
duration can be prolonged by using a larger amount of PCM to increase the heat storage 
capacity. Finally, the proposed CTEG-PCMTS power system has the potential to be the 
next sustainable power generator as it can operate in a fully passive mode.  
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CHAPTER 6 – EXPERIMENTAL ASSESSMENT OF 
A PHOTOVOLTAIC SYSTEM 
USING PCM THERMAL STORAGE 
 
 
6.1 Introduction 
Chapter 5 presented a new passive cooling method for a CTEG system using heat pipe-
based PCMTS. The CTEG-PCMTS system is a fully passive thermoelectric power 
generator which uses concentrated solar radiation as a renewable energy source.  The 
system was able to generate a substantial amount of thermoelectricity (8.47W) at a 
solar concentration of 130suns using 5kg of paraffin wax as the PCM. This chapter 
presents an experimental study of passive cooling of a photovoltaic system (PV) panel 
using the same PCM thermal storage (PCMTS) approach. The aim of this work was to 
investigate the improvement of the solar-electrical energy conversion process by using 
the proposed passive cooling concept. A heat enhancement method implemented on the 
PCMTS utilised metal fins for increasing the melting rate of the PCM. This chapter 
describes experimental assessment of the thermal and electrical performance of PV 
system by comparing the PCM-cooled PV panel with the naturally-cooled equivalent. 
Studies of the heat transfer performance using different numbers of metallic fins in heat 
enhanced PCMTS systems are compared and analysed.  
 
6.2 Experimental framework and limitation 
The focus of this experimental work was to assess the photovoltaic power output 
improvement by using the proposed PCMTS cooling concept in a PV system. Because 
of the unavailability within the allowable research timeline of solar simulation and solar 
tracking devices for conducting indoor and outdoor experiments respectively, a non-
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concentrating PV system was explored in this research project. The CTEG-PCMTS 
system presented in Chapter 5 established that a PCMTS was able to cool concentrated 
solar cells (TEGs) under 130suns of solar concentration. Therefore this passive cooling 
proposal is deemed applicable to concentrated photovoltaic (CPV) systems. This 
chapter assesses the passive cooling performance and output power improvement of 
non-concentrating multi-crystalline PV panels using the PCMTS. 
 
6.3 Description on PV-PCM system using PCMTS 
 In order to conduct a comparative assessment, two similar multi-crystalline PV panels 
(BP solar, SX 320 model) were used in this experimental study. One of the panels was 
naturally cooled by the surrounding air while the other was passively cooled by using 
PCMTS. As this study was conducted on a non-concentrating PV system, a simple 
thermal coupling of a PCMTS at the rear of the panel was implemented. This PCMTS-
coupled panel is referred to in this thesis as a “PV-PCM” system” and the schematic 
diagram is shown in Figure 76. 
 
 
Figure 76: Schematic PV coupled with PCMTS (PV-PCM system). 
Solar irradiance 
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The PCMTS consisted of a simple rectangular containment filled with PCM. This 
containment was fully sealed with silicone sealant to avoid leakage of melted PCM. 
The containment was made of aluminium and had a high thermal conductivity (~200 
Wm
-1
K
-1
). The waste heat accumulated at the rear side of the PV panel was transmitted 
to the PCMTS for heat absorption. As described in Chapter 3, the PCM will undergo 
solid-liquid phase change transition and absorb a substantial amount of heat energy as 
latent heat. The isothermal characteristics of melting PCM will supress the elevated PV 
cell temperature to within the melting temperature range. The heat transfer process for 
the PV-PCM system can be illustrated in term of energy balance as: 
I conv rad pv pcm panelQ t Q Q Q Q Q       (6.1) 
The total energy input to the PV-PCM system is the product of the incoming solar 
power IQ  and the experimental timeframe t . The photovoltaic energy pvQ  can be 
assumed to be 16% of the total input energy and the remainder will be absorbed by the 
PV panel as waste heat (Ingersoll 1986). The incoming solar power IQ  depends on 
solar irradiance IrI , the PV cell area pvA and the absorptivity of the PV cells abs . 
I Ir pv absQ I A   (6.2) 
The convection convQ and radiation radQ  heat transfers provide the heat loss mechanisms 
to the surroundings. They are also the only cooling means for the naturally-cooled PV 
panel.  
_( )conv air pv front ambQ h T T   (6.2) 
4 4
_( )rad pv front ambQ T T   (6.3) 
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The remaining waste heat energy was assumed to be fully absorbed by the PCMTS for 
heat storage (
pcmQ ). The PCMTS containments in the experiment were fully insulated 
with low density polyethylene (LDPE) foam which has a low thermal conductivity of 
0.036Wm
-1
K
-1
 (Thermotec 2012) to avoid heat loss to or heat infiltration from the 
surroundings.  
 
In the PCMTS, solid-liquid phase change will occur when the temperature reaches the 
melting point of the PCM. The temperature will remain constant during the phase 
change transition period as the energy is absorbed as latent heat of fusion (H). The 
specific heat capacities of solid and liquid states differ and have impact on the 
temperature rise at the early and later stage of melting.  The heat transfer process can be 
illustrated as: 
Solid phase: 
amb PCM meltT T T   
  pcm pcm s PCM ambQ M C T T      (6.4) 
Solid-liquid Phase: PCM meltT T  
  pcm pcm s melt ambQ M C T T H      (6.5) 
Liquid Phase: PCM meltT T   
   pcm pcm s melt amb pcm l PCM meltQ M C T T H M C T T      (6.6) 
It was noted that the paraffin wax as the chosen PCM has poor thermal conductivity 
(0.2 Wm
-1
K
-1
) and could affected the passive cooling performance of the PV panels. 
Therefore, different numbers of metallic fins were installed in various PCMTS 
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containments to investigate the heat transfer performance of the PCMTS. This 
experimental work has included four different types of heat enhanced PCMTS 
containment for studying the passive cooling performance of the same panel. These 
heat enhanced configurations were: finless, 3-fin, 6-fin and 12-fin type. More details 
are presented in the following section. 
 
6.4 Experimental works 
6.4.1 PCM thermo-physical characteristic  
The PCM used in the experiment was paraffin wax (RT 27) which was the same as the 
PCM used in the CTEG-PCMTS system (in Chapter 5). The paraffin wax RT27 has a 
melting temperature of 27
o
C, is non-corrosive and has high latent heat storage capacity 
(184kJ/kg) which makes it attractive for use in the PCMTS.  The thermo-physical data 
for paraffin wax RT27 are in Figure 50 and Table 10. 
 
6.4.2 PCMTS containments 
The PCMTS containments were made from aluminium and sealed with silicone sealant 
to prevent leakage during melting. As stated previously, the thermal expansion of the 
PCM was approximately 16% at 40
o
C (liquid state), and it was charged to 80% of the 
containment volume to allow thermal expansion during heat absorption. The remaining 
4% of the containment volume allowed for thermal expansion if the PCM temperature 
exceeded 40
o
C.  Figure 77 and 78 show the inner configurations of the PCMTS pre-
filled and filled containment respectively. Table 15 provides information about the 
containments and PCM filling amount.  
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Figure 77: PCMTS containments with different inner configurations; Finless (A), 3-fin 
(B), 6-fin (C) and 12-fin (D). 
 
Table 15: Physical dimensions and PCM filling volume in PCMTS containments. 
Containment length  310 mm 
Containment width 310 mm 
Containment height 20mm 
PCM filling limit 80% 
PCM filling mass for Finless containment 1.09 kg 
PCM filling mass for 3-fin containment 1.07 kg 
PCM filling mass for 6-fin containment 1.04 kg 
PCM filling mass for 12-fin containment 1.00 kg 
 
A B 
C D 
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Figure 78: PCMTS containments filled with paraffin wax RT27: Finless (A), 3-fin (B), 
6-fin (C) and 12-fin (D). 
 
6.4.3 Experimental rig 
The experiment was set up in an outdoor location in order to evaluate the passive 
cooling performance and the electrical power output improvement. The outdoor test 
arrangement is shown in Figures 80 and 81. The main components of the experimental 
setup were two identical PV panels (BP Solar, model: SX320M) and four different heat 
enhanced PCMTS which were thermally coupled at the rear of the PV panel during 
testing. T-type thermocouples were used on the test rig for capturing all monitored 
temperatures at 30 seconds intervals. A 105HP handheld pyranometer and an AR856 
handheld anemometer were used for measuring the solar irradiance and wind speed 
respectively. An electronic load device (BK Precision 8540) was used for tracking the 
maximum power point of the tested PV panels. An Agilent 349070A data logger unit 
A 
C D 
B 
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was used to log all temperature and electrical data for transfer to a personal computer. 
The experiment was conducted for one hour under the average ambient temperature of 
28
o
C, average wind speed of 6m/s and average solar irradiance of 1000W/m
2
. A 
schematic diagram for the experimental setup is shown in Figure 79. 
 
 
Figure 79: Schematic diagram for outdoor experimental setup of PV-PCM system. 
 
   
Figure 80: Front of the PV-PCM testing rig setup. 
 
Thermocouple for 
measuring front 
panel temperature 
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Figure 81: Outdoor test rig for PV-PCM cooling. 
 
 
 
 
Figure 82: Thermocouple locations for natural-cooled PV and PV-PCM panels. 
 
6.5 Uncertainty analysis 
There are two main uncertainties needing to be highlighted in the experimental work. 
Firstly, there were four sets of different PCMTS configuration to be tested on four 
different days during the summer season 2012. To ensure all ambient conditions were 
similar or close to one another, all testing was conducted at the same time of day (2pm) 
and the standard ambient temperature airT  was chosen at 28
o
C where the variation 
between each set of experiments was as close as possible to ±1
o
C difference. The solar 
PV-PCM 
panel 
Uncooled PV 
panel 
Insulated PCM 
thermal storage 
PV-PCM 
panel 
Uncooled PV 
panel 
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irradiance 
IrI  was 1000W/m
2
 and the variation was ±10W/m
2
. The air speed 
airV  was at 
4m/s and variation between each set of experiments was approximately ±2m/s using a 
handheld anemometer. T-type thermocouples TC  were used for measuring the 
temperature with an intrinsic uncertainty of ±0.5% (Industrial Thermocouple 2012).  
The experiment for each configuration was tested once only because of uncertain 
weather conditions and difficulty in conducting a second test with similar testing 
conditions. The thermal data uncertainty TS  can be quantified based on the 
aforementioned standard mean values and variations using the Coleman and Steele 
(1989) uncertainty expression: 
 
2
1
M
T T i
i
S S

       (6.7) 
2 22 2
12.34%
air airIr
T
air Ir air
T
dV dTdI dTC
S
V I T TC
S
      
         
     

  (6.8) 
Secondly, the equipment used for measuring temperature and electrical data had some 
uncertainty. The measuring values and the resolutions of the equipment are listed in 
Table. 16. The relative uncertainties of the adopted equipment as calculated based on 
(Kline 1985) are given by: 
                     
              
               
   (6.9) 
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Table 16: List of equipment uncertainty 
Instrument Resolution Measuring 
values 
Relative 
uncertainty 
Electronic load device – Current 
measurement 
1mA 0.1-1.41A 0.5% 
Electronic load device – Voltage 
measurement 
1mV 0.1-19.14V 0.5% 
AR856 Handheld Anemometer 0.1m/s 4-8m/s 1.25% 
The 105HP Handheld Pyranometer 1Wm
-2 
1000W/m
2 
0.05% 
 
 
6.6 Results and Discussion 
The experiment was carried out on a clear sunny day (1000W/m
2
, ±10W/m
2
), with 
wind speed of 4m/s ±2m/s and ambient temperature of 28
o
C ±2
o
C. The PCM-cooled 
and natural-cooled PV panels were situated beside each other to ensure that they were 
exposed to similar ambient conditions. For comparative analysis, all electrical data 
were taken at the mid-points of the experimental periods (30mins) for all PV panel 
configurations to ensure consistency. 
 
Figure 83 shows the temperature profiles of all tested front PV panels during a one hour 
experimental period.  The experiment showed that the highest front panel temperature 
was that of the naturally-cooled PV panel and the lowest temperature was that of the 
12-fin PV-PCM panel. It was observed that lower PV panel temperature can be 
achieved with a higher number of installed fins at similar testing conditions. This was 
due to greater heat transfer surface area of the fins enabling improved melting.  
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Figure 83: PV frontal panel temperature of respective PCM thermal storage 
configuration comparison. 
 
There was also a clear indication that all PCM-cooled panels had achieved cooler panel 
temperatures as compared to the natural-cooled panel during the experiment. The 
thermal retardation of the PV panels was due to the increase in heat capacity of the rear 
PV panel by coupling the PCMTS. In addition, the latent heat of fusion of the PCM 
(184kJ/kg) had significantly supressed the temperature rise of the front panel in spite of 
constant solar insolation. The maximum temperature difference achieved by the 12-fin 
PV-PCM panel was 15
o
C compared to that of the natural-cooled panel. The 
temperature gaps between the 6-fin, 3-fin and finless PV-PCM panels were 13
o
C, 10
o
C 
and 5
o
C respectively. There was a consistent effect of lowering the panel temperature 
with an increasing numbers of metallic fins in the PCMTS containments. Figure 84 
shows the relationship of PV front panel temperature and PCM temperature reductions 
to increasing numbers of installed fins, relative to the finless PCMTS configuration.  
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Figure 84: Effect of installed fins on PV front panel temperature and PCM mass 
reductions. 
 
The graph shows that increasing the number of installed fins does not linearly lower the 
panel temperature. This is attributed to the effect of diminishing natural convection in 
the melted PCM within the close fin gaps in the PCMTS containments. The reduction 
of PCM mass due to the greater number of installed fins is not significant for a ~1000g 
of PCM filling mass in the PCMTS containment. The 2
nd
 order approximated 
expression for the panel temperature reduction pvT and the linear approximation of 
PCM mass reduction pcmM  are given as: 
   
2
0.0626 1.5012 0.1473pv fin finT N N       (6.10) 
 7.619pcm finM N   (6.10) 
Occasional higher speed winds contributed to the significant temperature fluctuation on 
the natural-cooled panel. The PV-PCM panels showed a small fluctuation of the front 
panel temperature during the windy period but still can considered “insensitive” despite 
y = -0.0626x2 + 1.5012x - 0.1473 
R² = 0.9942 
y = 7.619x 
R² = 0.9938 
0
10
20
30
40
50
60
70
80
90
100
0
1
2
3
4
5
6
7
8
9
10
0 1 2 3 4 5 6 7 8 9 10 11 12
P
C
M
 m
a
ss
 r
e
d
u
c
ti
o
n
 (
g
) 
P
a
n
e
l 
te
m
p
e
r
a
tu
r
e
 r
e
u
c
ti
o
n
 (
o
C
) 
No. of installed fins 
Respective panel temp. supression
Respective PCM mass reduction
134 
 
the small temperature drop (within 1-2
o
C). This shows that a natural-cooled panel may 
have better cooling performance under windy conditions because of higher convective 
heat transfer. However, the wind speeds during the experimental period were between 
4-6m/s which had little impact on the PV cell cooling. The results have confirmed the 
capability for constant cooling as indicated by the small temperature fluctuations of the 
PV-PCM panels even when there was a change in ambient conditions.  
 
Figure 85 shows the electrical current and voltage output (I-V) plots of all tested PV 
panel configurations. Generally, the results have clearly indicated that low panel 
temperature provides greater gain in voltage output compensated by a little drop in 
current output. Conversely, a hotter panel has a little gain in current output but a 
significant drop in voltage output. Because of the imbalance between the gains in 
voltage and current outputs, the cooler PV panels will generate more electricity than the 
hotter panels. 
 
Figure 85: I-V plots of respective PV with installed PCMTS configuration comparison. 
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Figure 86 shows the power curves of the respective panel configurations. The 12-fin 
PV-PCM panel was able to deliver higher output power (19.14W) compared to the 
naturally-cooled panel (18.16W). The electrical conversion efficiency was 5.39% 
which was higher than for the natural-cooled PV panel. The rest of the PCM-cooled 
panels of 6-fin, 3-fin and finless PV-PCM panels had achieved 3.44%, 2.92% and 1% 
power improvement respectively. This is because of the protection from voltage 
decrease by maintaining lower temperature by using the high heat capacity PCM. It is 
also interesting to observe that a finless type of PV-PCM panel was able to increase the 
electrical power output by 1% relative to the naturally-cooled PV panel without any 
heat transfer area enhancement. Hence, the PCM plays a major role in passive cooling 
the heated PV panels by melting (heat absorption) Electrical comparisons for all tested 
panels are listed in Table 17 
 
 
Figure 86: Power curve of respective PV with installed PCMTS configuration 
comparison. 
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Table 17: Summary of the PV electrical performance with different configurations. 
Type Power (W) Difference (%) 
No PCM 18.16 Ref. 
Finless PCM PV 18.34 +0.99 
3-fin PCM PV 18.69 +2.92 
6-fin PCM PV 19.00 +3.44 
12-fin PCM PV 19.14 +5.39 
 
Type Open-circuit Voltage (Voc) Difference (%) 
No PCM 18.81 Ref. 
Finless PCM PV 19.47 +3.51 
3-fin PCM PV 19.86 +5.50 
6-fin PCM PV 19.97 +6.16 
12-fin PCM PV 20.16 +7.17 
 
Type Short-circuit Current (Isc) Difference (%) 
No PCM 1.41 Ref. 
Finless PCM PV 1.38 -2.12 
3-fin PCM PV 1.36 -3.54 
6-fin PCM PV 1.33 -5.67 
12-fin PCM PV 1.32 -6.38 
 
 
6.7 Chapter summary 
This chapter presents an experimental investigation into improving PV power 
generation using the PCMTS passive cooling approach. Two identical PV panels were 
used in the experimental assessment. The results show that the PV-PCM panel was able 
to reduce the panel temperature by 15
o
C (12-fin configuration) compared to the 
naturally-cooled PV panel. In addition, the maximum electrical conversion efficiency 
improvement of 5.39% was achieved by the proposed cooling approach. Hence, 
PCMTS has proven to be capable of limiting the PV cell temperature under constant 
solar insolation.  
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In spite of having good passive cooling performance, the existing PCMTS orientation 
on the 45
o
 upward facing PV panel has limited the heat transfer performance. This is 
because the heat source which was provided by the sun was situated at the top side of 
the PCMTS containment where the natural convection heat transfer effect was not 
optimal. Natural convection current is driven by buoyancy and gravity wherein the 
temperature of the PCM plays an important role in density transition. Because the 
liquid PCM has lower density than the solid PCM, the present orientation of the 
PCMTS has greatly hindered the natural convection effect within the PCM. Hence, the 
best orientation for utilizing natural convection heat transfer is by placing the heat 
source at the bottom region of the PCMTS. The proposed orientation is not possible for 
a conventional PV system for power generation but it is possible for a low solar 
concentration parabolic reflector system.  
 
In the next chapter, a detailed analysis of the PCM melting behaviour in different types 
of heat enhanced PCMTS containments is explored.   
 
 
 
 
 
 
 
 
138 
 
CHAPTER 7 – MELTING ANALYSIS OF PCM IN 
DIFFERENT PCM THERMAL 
STORAGE CONFIGURATIONS 
 
 
7.1 Introduction 
Chapter 5 and Chapter 6 presented the passive cooling performance of concentrated 
thermoelectric generator (CTEG) and photovoltaic (PV) systems using the proposed 
PCMTS design. Metallic fin type heat enhancement methods were used in both thermal 
storage designs for enhancing the PCM melting performance. Both thermal storage 
designs adopted close-fin type heat enhancement methods for improving the heat 
transfer rate by providing greater heat transfer area.  
 
However, melting PCM in a close-fin environment is considered a conduction-
dominated heat transfer situation as natural convection effects become minimal. 
Natural convection plays an important role as a heat transfer means during melting of 
PCM. Because of more liquid formation at the later stage of melting, the hot liquid 
PCM is able to dissipate its heat energy to regions of solid PCM and improve melting. 
In order to promote natural convection, a temperature gradient is required between the 
liquid and solid PCMs. Therefore, the commonly used heat enhancement methods such 
as metallic fins or high conductive material additives usually provide good temperature 
uniformity within the melting space but will hinder the natural convection effect during 
melting. 
 
In order to understand the natural convection effect in different heat enhanced PCMTS 
environments, a series of computational visualizations of melt front, temperature 
distribution and convection flow fields were carried out in order to understand the 
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melting process and are described in this chapter. The aim of this study was to 
understand the melting behaviours and natural convective effects in PCMTS designs 
using metallic fins and high conductive fillers as applied heat enhancement methods. 
This study provides useful information in PCM melting in relation to future heat 
enhanced PCMTS development. 
 
7.2 Brief literature on PCM heat transfer 
This section presents a brief literature survey of various enhancement methods for 
improving the heat transfer performance of PCM thermal storage systems. The focus of 
this section is to provide an overview of PCM melting particularly by natural 
convection heat transfer. As discussed in Chapter 3, the general heat enhancement 
methods for PCM melting are extended surface (fins), employing multiple PCM‟s, 
metal matrix, metallic fillers, macro-encapsulation and micro-encapsulation 
(Jegadheeswaram & Pohekar 2009; Evans et al. 2001; Kenisarin & Mahkamov 2007). 
Among the reviewed thermal enhancement methods, using metallic fins is one of the 
simple and effective approaches for improving the melting rate of PCM. However, 
increasing the number of internal metallic fins does not have a linear relationship to the 
overall heat transfer coefficient. Increasing the number of installed fins in a PCM will 
improve the melting performance to a certain extent where after only marginal 
improvement can be seen for further fin addition. This is because natural convection 
heat transfer is diminished within the smaller fin gap volume.  
 
Gharebagi and Sezai (1997) investigated the performance of rectangular PCM device 
with horizontal fins added to heated vertical walls. They also found out that increasing 
numbers of fins lead only to marginal increase in the heat transfer rate. They concluded 
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that increasing numbers of fins will hamper the effect of natural convection within the 
system and melting would become a conduction-dominated process.  
 
Lamberg and Siren (2004) conducted an experimental and numerical study of PCM 
melting performance in a rectangular enclosure, with and without natural convection 
effect. The results showed that PCM took double the time to reach the maximum 
temperature when the natural convection effect was ignored. Jellouli et al. (2007) did a 
similar experiment on melting a PCM in a rectangular enclosure with heating at the 
bottom. The isotherms obtained were horizontal at an early stage and became distorted 
at the latter stage. Based on this phenomenon, he concluded that conduction dominated 
the melting process at the early stages and the heat transfer mechanism gradually 
shifted to natural convection effect during the melting process. 
 
Finally, Tan et al. (2011a) conducted a numerical study of PCM melting using different 
fin shapes in a heat enhancement method. They found that the geometry of fins could 
affect the formation of natural convection currents in liquid PCM. They concluded that 
optimising fin shapes could be one option to improve melting without hindering the 
development of natural convection.  
 
7.3 Experimental analysis 
7.3.1 Experiment setup and procedure 
The aim of this experimental work was to study the heat transfer performance of four 
different heat enhanced PCMTS configurations as shown in Figure 87. The PCMTS 
containments were basically rectangular containments filled with PCM. In this study, 
the PCMTS containments are referred to as “slabs”. The selected heat enhancement 
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methods for this analysis were using metallic fins and fillers. The investigated slab 
configurations presented in Figure 87 are: Finless slab [A]; Finless slab with spiral 
fillers (finless + spiral) [B]; 4-fin slab [C] and 4-fin slab with spiral fillers (4-fin + 
spiral) [D].  
 
  
  
Figure 87: Four investigated types of PCMTS configurations: Finless slab [A], Finless 
slab with spiral fillers added (finless+spiral) [B], 4-fin slab [C] and 4-fin slab with 
spiral fillers added (4-fin+spiral) [D]. 
 
The main components of the experiment were PCM (paraffin wax 48) and four 
aluminium rectangular slabs with physical dimensions of 200mm (length) x 200mm 
(width) x 25mm (depth). Four aluminium fins with thickness of 1mm were installed on 
rectangular slab (A) and similar 4 fins-type slab were augmented by aluminium spiral 
fillers (D). The schematic diagram of the experimental setup is shown in Figure 88. 
 
A B 
C D 
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Figure 88: Schematic diagram for experimental setup. 
 
 
Figure 89: Thermocouple locations in respective PCM slab. 
 
Natural convection develops from buoyancy arising from density difference within the 
melted PCM. In this experiment, heat flux of 1000W/m
2
 was applied at the bottom of 
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each PCM slab for facilitating the development of natural convection. Six T-type 
thermocouples were located at locations shown in Figure 89 to capture the temperature 
during the phase change process at the specified positions in the slab. Thermocouples 
1-5 were used for measuring the PCM temperature at different heights during melting. 
Thermocouple 6 was used to capture temperature of the slab base where the heat was 
applied. All exposed surface of the slab was fully insulated with low density 
polyethylene (LDPE) foam to avoid heat loss and heat infiltration from the 
surroundings.  The heater used was a hot plate stirrer (model 209-1) from IEC Pty Ltd 
and the data acquisition unit was Agilent 34970A for capturing the temperatures  at the 
specified times.  
 
7.3.2 Phase change material 
The PCM used in this experiment was paraffin wax (described as paraffin 48) with a 
melting temperature of 48
o
C which is higher than the RT27 paraffin wax (melting 
temperature at 27
o
C) described in Chapter 5. However, the latent heat of fusion of the 
paraffin wax 48 (140kJ/kg) was slightly lower than that of RT27 paraffin wax 
(184kJ/kg).  A similar DSC procedure as described in Chapter 5 was conducted on the 
PCM to determine the specific heat capacity profiles for both melting and freezing and 
the results are shown in Figure 90. The melting temperature was 48
o
C with latent heat 
of 140kJ/kg. The thermo-physical properties are summarized in Table 18. 
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Figure 90: DSC results of used PCM (Paraffin wax 48) 
 
Table 18: Thermo-physical properties of paraffin wax 48. 
Description Value 
Melting temperature [
o
C] 48 
Solid density [kg/m
3
] 818 
Liquid density [kg/m
3
] 760 
Latent heat capacity [kJ/kg] 140 
Specific heat capacity [kJ/kg K] 
(Solid/liquid) 
2.95/2.21 
Thermal conductivity [W/m K] 0.2 
 
 
7.4 Numerical analysis 
In this section, four different PCMTS internal configurations were numerically 
investigated. Commercial simulation software (Fluent 6.3) was used to solve the 
conservation equations for mass, momentum and energy. Commercial paraffin wax was 
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used as the PCM in this numerical investigation. The thermo-physical properties are 
summarised in Table 18. 
 
7.4.1 Physical model 
As shown in figure 91, schematic 2-D computational domains for all investigated cases 
are presented. Due to geometrical symmetry of both rectangular encapsulations, half of 
the geometry was used in the modelling for time and memory saving during 
computation. In the experimental prototypes, a thin air gap (15% of the slab volume) 
was designated in the ventilated slab environment to allow PCM expansion during 
heating. The presence of the thin air gap at the PCM surface provides additional 
thermal resistance as air has very low thermal conductivity and natural convection heat 
transfer will be minimal in the thin air space. Hence, modelling of the air gap and PCM 
thermal expansion were neglected in this case. 
 
 
Figure 91: Computational domain for finless PCM thermal storage. 
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Figure 92: Simplified computational model for spiral fillers. 
 
Figure 92 shows an aluminium spiral filler strip in the rectangular slab. Due to the 
geometrical complexity of modelling the helical shape, a 2-D circular shape was used 
to model the aluminium circular wall for simplicity. The mean diameter of the helical 
shape was used to represent the spiral filler walls where the circular wall model was 
elevated from the bottom plate in this two-dimensional numerical analysis. The 
computational domain for 4-fin PCM slab with added aluminium spiral fillers was as 
shown in Figure 93. 
 
 
Figure 93: Computational domain for 4-fin+spiral PCM slab configuration. 
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Constant heat flux of 1000W/m
2
 was applied to the base of the PCM slabs. The 
properties of PCM and aluminium used in computation are listed in Table 19. The 
Boussineq approximation was adopted to calculate the change in density of the liquid 
as a function of temperature as given by: 
 1o mT T         (7.1) 
and the relationship of buoyancy forces in the momentum equation is given by: 
  1o mg g T T          (7.2) 
Where    is the reference density at melting temperature    and   is the thermal 
expansion which valued at 0.001 based on the data provided by Humphries and Griggs 
(1977). The dynamic viscosity of the liquid PCM is given by (Reid, Prausnitz and 
Poling 1987): 
1790
0.001 exp 4.25
T
 
     
 
  (7.3) 
Table 19: Material properties assumed in the simulation 
Parameters Aluminium PCM 
Thermal conductivity (W/m K) 202.4 0.2 
Density(kg/m
3
) 2719                     
Specific heat (J/kg K) 871 2500 
Latent heat (kJ/kg) - 140 
Melting temperature (
o
C) - 43-49 
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7.4.2 Governing equations 
An enthalpy-porosity formulation (Ansys 2009) was adopted in solving the phase 
change region in PCM. A similar set of governing equations to those used in the 
computation is given by Shatikan, Ziskind and Letan (2005): 
 
Continuity: 
  0i
i
u
x

 

 (7.4) 
Momentum: 
   
2
i
i i j i i
i i j i
u P
u u u g S
t x x x x
  
       
   
  (7.5) 
Energy: 
   i
i i i
T
h u h k
t x x x
    
     
    
  (7.6) 
Where ρ is the density, k is the thermal conductivity, μ is the dynamic viscosity, Si is 
the momentum source term, ui is the velocity component, xi is the Cartesian coordinate 
and h is the specific enthalpy. The sensible enthalpy hs is given by: 
ref
T
s ref p
T
h h C dT    (7.7) 
And the total enthalpy, H is defined as: 
sH h H   (7.8) 
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The total enthalpy is the sum of sensible enthalpy hs and the enthalpy change due to 
phase change γL, where href is the reference enthalpy at the reference temperature Tref , 
Cp is the specific heat, L is the specific enthalpy of melting (liquid state) and γ is the 
liquid fraction during the phase change which occur over a range of temperatures Ts < 
T < Tl defined by the following relations:  
 
If 
sT T  (Solid state) 
0
H
L

    (7.9) 
 If          (Mushy state) 
s
l s
T TH
L T T

  

 (7.10) 
 If 
lT T  (Liquid state)           
1
H
L

    (7.11) 
The source term    in the momentum equation (Equation 7.5) is given by: 
 
 
2
3
1
i i i
C
S A u u
 
   
  
 (7.12) 
Where A(γ)     is defined as the “porosity function” which governs the momentum 
equation based on Carman-Kozeny relationship for flow in porous media introduced by 
Brent, Voller and Reid (1998). The function reduces the velocities gradually from a 
finite value of 1 in fully liquid to 0 in fully solid state within the computational cells 
involving phase change. The epsilon ε=0.001 infinity avoidance constant due to 
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division by zero and C is a constant reflecting the morphology of the melting front 
where C = 10
5
 is assumed in this study as suggested by Shatikan, Ziskind and Letan 
(2005). 
 
7.4.3 Computational methodology 
The SIMPLE algorithm was used for solving the mass, momentum and energy 
governing equations. Approximately 35,000 triangular and quadrilateral cells were 
meshed for the two different configurations for solving the flow fields, melt fractions 
and temperature distributions. The time step selected was 0.1 second after comparative 
testing on time steps of 0.01, 0.05 and 0.1 seconds had shown negligible difference. 
Hence, the larger time step of 0.1 second was used for saving computational time. The 
maximum number of iterations for each time step was between 10 and 20 as 
recommended by Ansys (2009).  
 
7.4.4 Model validation 
Model validation was performed by comparing the numerically predicted temperature 
data with experimental data at thermocouple location (T3) as shown in Figure 89.  
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Figure 94: Numerical and experimental results comparison for respective PCM slab 
configuration at thermocouple T3. 
 
Figure 94 shows the result comparison between the numerical and experimental 
temperature histories at the thermocouple location (T3). The validation has shown good 
agreement between both sets of data over time where the temperature difference stayed 
within 4
o
C. The aim of this numerical study was to improve the PCM melting 
performance by observing the melting behaviours and natural convection current 
formations, in the presence of aluminium fins and adding aluminium spiral fillers into 
the PCM slab.  
 
7.5 Experimental results and discussion 
Figure 95 presents the base temperature profiles of the respective PCM slab 
configurations. It was observed that the finless slab had the highest base temperature 
compared with the other PCM slab configurations. This is attributed to the poor thermal 
conductivity of the solid PCM (0.2Wm
-1
K
-1
) which contributed to the high base 
temperature of 59
o
C. For the heat enhanced PCM slabs, the lowest base temperature 
configuration was the 4-fin slab with added spiral fillers (4-fin + Spiral). This was 
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because of the larger heat transfer area provided by the four installed aluminium fins. It 
also contained highly conductive aluminium spiral fillers which were evenly distributed 
within the slab for increasing the effective thermal conductivity of the slab. Hence it 
had the lowest base temperature of 49
o
C.  
 
Figure 95: Base temperature comparison respective slab inner configuration. 
 
It was also observed that the finless slab had a flatter temperature gradient than the rest 
of the heat enhanced PCM slabs. This is because of the larger PCM temperature 
gradients between the heating walls and the core of the PCM which allowed strong 
natural convection currents to develop. In the case of the PCM enhanced slab, the PCM 
temperature difference was not as great as in the finless slab due to its thermal 
uniformity. Thus the natural convection effects were supressed in all heat enhanced 
PCM slabs which led to the gradual growth of base temperatures.   
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The finless PCM slab with added spiral fillers (finless + spiral) and the 4-fin PCM lab 
were found to have similar base temperature profiles. This has shown that the heat 
transfer performances of both slab configurations were similar despite different heat 
enhanced configurations. As mentioned in the brief literature (section 7.2), using a high 
number of metallic fins or a small fin gap size will eliminate the natural convection 
effect and result in a conduction-dominated situation. Similarly, the addition of 
aluminium spiral fillers into PCM will increase its effective thermal conductivity due to 
the presence of aluminium which is a high conductive material (~200Wm
-1
K
-1
) for heat 
spreading. Thus natural convection effects will be diminished in a thermally uniform 
environment and eventually also result in a conduction-dominated situation. In terms of 
slab volume, the four installed aluminium fins occupied 12% of the slab volume and 
the added aluminium spiral fillers occupied 9.5%. Hence adding spiral fillers to a 
finless slab is a better option due to higher heat transfer performance and a simpler 
approach. 
 
Figure 96: Mean PCM temperature comparison respective slab inner configuration. 
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Figure 96 shows the temperature profiles of the PCM for all PCM slab configurations. 
It was observed that PCM slabs with added aluminium spiral fillers had higher PCM 
temperature than PCM slabs without the additions. This is because the evenly 
distributed aluminium spiral fillers in the PCM enhanced the heat spreading capability 
and resulted in better thermal uniformity. For the PCM slabs without aluminium spiral 
fillers (finless and 4-fin slabs), the PCM temperatures were lower because of poorer 
heat spreading and larger regions of cooler solid PCM. At the later stages of melting, 
the PCM temperature of the finless slab grew rapidly due to the strong natural 
convection heat transfer by the liquid PCM. The natural convection effect in the 4-fin 
slab was not as strong as in the finless slab due to the lower internal temperature 
gradients of the PCM.  
 
Figure 97: Temperature difference between the slab base and mean PCM temperatures 
comparison respective slab inner configurations 
 
Higher temperature difference means that the thermal resistance of the particular PCM 
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slab base and the inner PCM. It is observed that the finless slab had the greatest thermal 
resistance and the 4-fin PCM slab with added aluminium spiral filler (4-fin+spiral) had 
the lowest thermal resistance among the four slab configurations. It was found that the 
finless slab with added aluminium spiral fillers (Finless+spiral) had close melting 
performance to that of the (4-fin+spiral) PCM slab configuration. Hence embedding 
high conductive materials in PCM can significantly improve the overall heat transfer 
performance of the slab. In the next section, section 7.6, computational visualizations 
are presented to illustrate the melting process of all investigated PCM slab 
configurations. 
 
7.6 Numerical results and computational visualization 
In this section, the validated numerical models are used for computing and visualising 
the melting of PCM for all experimentally tested PCM slabs. No physical visualization 
could be carried out during the experiment as the physical slabs were thermally 
insulated to minimize heat loss. The computational visualizations developed using 
FLUENT software was used for observing the melting behaviours of the PCM. 
Constant heating flux of 1000W/m
2
 was applied at the bottoms of the slabs for 
facilitating the natural convection effect. An additional constant heat flux of 2000W/m
2
 
was applied to the same computational domain under similar initial and boundary 
conditions. This additional computational case was to study the PCM melting 
difference between the original case and at higher heat flux.   
 
Figures 98 and 99 show the temperature distributions and melt fraction visualizations 
of all the investigated PCM slabs during testing. All computation results were captured 
at 1800 seconds (30 minutes) in the phase change transition stage. It is clearly seen that 
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all the four PCM slab configurations have different melting behaviours in both 
temperature distribution and melt fraction formation. As mentioned previously in the 
experimental section, the finless and 4-fin PCM slabs had similar PCM temperature 
profiles. The computational results have shown similar phenomena to the experimental 
observations. The melt fraction visualization in Figure 99 shows that liquid PCM was 
formed at the aluminium surfaces and was initiated at the wall boundaries by heat 
conduction. Because of the poor thermal conductivity of the PCM, liquid PCM was 
developed at the heating surfaces which had the higher temperature. Based on the 
colour contours showed in Figure 98, higher temperature gradients are observed at  the 
heating surface (aluminium surfaces)  compared to the rest of the PCM slab 
configurations. 
 
 
Figure 98: Temperature profiles comparison for 1000W/m
2
 heating at 1800 seconds. 
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In the experimental study, it was observed that the PCM slabs with added aluminium 
spiral fillers configurations had close temperature profiles. The computational results 
showed that the melting fractions of PCM slabs with added aluminium spiral fillers 
(finless+ spiral and 4-fin+spiral slabs) were similar. The liquid fractions at the heating 
walls for both slab configurations were less than for the slab configurations without 
aluminium spiral fillers addition (finless and 4-fin slabs). This is because of the 
effective heat spreading between the heating walls and the PCM by the aluminium 
spiral fillers which formed a lower internal temperature gradient. This observation has 
shown that adding high thermal conductance materials (aluminium spiral fillers) in 
PCM has significantly improved the internal heat spreading process.  
 
 
Figure 99: Melt fractions comparison for 1000W/m
2
 heating at 1800 seconds. 
 
 
 
Figures 100 and 101 show the melting behaviours for all tested PCM slab 
configurations at 2000Wm
-2
 which is twice the heat flux applied in the earlier case. It is 
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clearly observed that the melt fractions of finless and 4-fins PCM slab configurations 
became very wavy and different compared to the case of 1000W/m
2
 heating flux. This 
is due to the higher temperature difference of the liquid PCM which strengthened the 
natural convection effect in the finless and 4-fins slab configurations. However, slab 
configurations with added aluminium spiral fillers showed more gradual melting 
patterns. As mentioned previously, the presence of aluminium spiral fillers will inhibit 
natural convection because of thermal uniformity (low temperature difference) of the 
PCM. The natural convection currents are promoted by the PCM density difference 
which has an inverse function of increasing temperature in the liquid region. This will 
generate buoyancy forces which can dissipate heat to the other cooler regions of the 
PCM along the interface. Without the temperature gradient regions, natural convection 
is too weak to take effect at the latter stage of melting.  
 
 
Figure 100: Temperature profiles comparison for 2000W/m
2
 heating at 1800 seconds. 
 
159 
 
 
Figure 101: Melt fractions comparison for 2000W/m
2
 heating at 1800 seconds. 
 
Figures 102 and 103 show the convective flow fields for all PCM slab configurations at 
30 minutes simulation under 1000W/m
2
 and 2000W/m
2
 respectively. In finless and 4-
fins slab configurations, there are strong streams of vortices circulating near the fin 
walls at which heat is transferred from the hotter bottom region to the top cooler region. 
This convective heat transfer circulation assisted melting at the solid-liquid interface 
near the walls but there was high thermal resistance in the middle cooler region where 
heat did not effectively penetrate.  
 
The addition of aluminium spiral fillers to either finless or fin type slab will greatly 
reduce the convective heat transfer effect due to lower temperature gradients. The 
aluminium spiral fillers improve melting at the middle region of the PCM through heat 
spreading via conduction. However the natural convection effect is inhibited at the 
latter stage of melting due to lower temperature gradient of the PCM. Hence, PCM slab 
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configurations with added aluminium spiral fillers will have a slower melting 
performance at the later stages. 
 
 
Figure 102: Flow field comparison for 1000W/m
2
 heating at 1800 seconds. 
 
 
Figure 103: Flow field comparison for 2000W/m
2
 heating at 1800 seconds. 
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The melt fraction comparison in Figure 104 illustrates the melting performance of PCM 
in different thermal enhanced slabs with respect to time. Basically, it depicts the solid-
liquid formation ratio of the melting process.  
 
 
 
Figure 104: Melt fractions comparison for 1000W/m
2
 (top) and 2000W/m
2
 (bottom). 
 
Based on the results, the finless slab configuration shows better melting 
performance than the other thermally enhanced slabs. This adverse phenomenon can be 
explained by early liquid formation at the early stage of melting in the finless slab due 
162 
 
to poor thermal conductivity, and stronger natural convection heat transfer driven by 
higher temperature gradient regions at the latter stage. The presence of aluminium fins 
and spiral fillers have significantly suppressed the natural convection effect because of 
the lower temperature gradient. However, they provide better temperature uniformity 
within the slab by larger heat transfer surface area and more effective heat spreading 
within the PCM slabs. The melting performance is very different between finless and 
other thermal enhancement methods when the heating power is higher. The higher 
heating power creates a higher temperature gradient at the surrounding metallic walls 
which promotes stronger natural convection currents and improves melting. Hence, it is 
suggested that a finless type PCMTS system should be used on high temperature 
applications and thermal enhancement approaches such as metallic fins and additives 
are recommended for low temperature application. 
 
7.7 Chapter summary 
This chapter describes investigation of the melting behaviours of PCM in different 
thermal enhanced slab configurations using metallic fins (aluminium fins), high 
conductive additives (aluminium spiral fillers) and combinations of both. The 
experiments and numerical analyses were conducted to study the melting performance 
of four distinctive types of PCM environment.  In summary, the finless PCM slab has 
better melting performance at high heating environment than other thermal 
enhancement methods such as using metallic fins, spiral fillers or combination of both. 
This is due to the promotion of natural convection effect caused by the higher 
temperature gradient at the later stage of melting. Despite finless configuration having 
the fastest melting performance, the low thermal conductivity of the PCM has resulted 
in higher base temperature compared to the rest of the slab configurations. As it is 
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commonly understood that natural convection has greater heat transfer potential than 
thermal conduction, it is suggested to use the finless type of slab for high temperature 
thermal storage applications. On the other hand, using metallic fins and high 
conductive additives are capable of increasing the heat conduction performance where 
this is very important at the early stage of heat absorption. Hence this approach is 
suggested for low temperature thermal storage applications. 
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CHAPTER 8 – PCM THERMAL STORAGE 
SYSTEM FOR SOLAR-POWER 
STANDALONE POWER SUPPLY 
(CASE STUDY) 
 
 
 
8.1 Introduction 
With reference to Chapter 5, the experimental results have shown that the proposed 
CTEG-PCMTS is capable in generating thermoelectricity using highly concentrated 
solar radiation. The CTEG-PCMTS system is considered to be a self-operable and 
sustainable power generator as all components are passive devices. Consequently it can 
be utilized as a stand-alone power supply (SAPS) system for harnessing solar energy 
for electricity generation. This chapter presents a case study, comparing two types of 
solar-based power generator as a standalone power supply system (SAPS). The 
compared solar-based power systems are: photovoltaic (PV) panels and the 
concentrated thermoelectric generator (CTEG). Phase change material thermal storage 
(PCMTS) is implemented on the CTEG system as a passive cooling device for 
thermoelectric power generation. Both solar-based power systems are sized according 
to Melbourne weather conditions (latitude 38
o
 S).   
 
8.2 Framework of the comparative studies 
In this comparative study, the SAPS system designs for both PV and CTEG have no 
backup generator and the batteries required are sized for the month with the lowest 
solar insolation. Battery storage is the chosen electrical energy storage means for 
storing solar energy during the available days for meeting the energy demand as 
required. The presented SAPS systems are PV/Battery and CTEG-PCMTS/Battery 
configurations.  Generally, PV cells and TEG cells are solar-based power generating 
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cells but they have different pre-conversion inputs. For electrical power generation, PV 
uses sunlight as input energy while the TEG uses solar heat. The technologies are 
similar and a comparative study is possible if the CTEG-PCMTS system uses 
comparable technology to that used in the panel system. The assumptions and 
limitations of this study are: 
 
 The main energy is solar energy. 
 No backup generator is included in either SAPS system design. 
 Batteries are the only energy storage means. 
 The same electrical load is used for both systems. Typical values for energy 
consumption were taken from the literature (Markvart and Castaner 2003) with a 
constant average daily load of 10.7 kWh/day.  
 The electrical efficiency of the stand-alone DC–AC inverter is assumed to be 90%. 
The adjusted constant average daily load is 11.9kWh/day to account for the DC-AC 
inverter efficiency. 
 For the PV/Battery configuration, the PV modules are standard mono-crystalline 
silicon modules and the PV arrays are sized to the charging requirement of the 
battery bank. The system sizing and peripherals for the PV/Battery configuration 
are referenced from Richards and Conibeer (2007). 
 For the CTEG-PCMTS/Battery configuration, the TEG modules are made from 
Bismuth Telluride (Bi2Te3) which is similar to the modules used in the  
experimental system presented in Chapter 5. The CTEG array is sized according to 
the design requirement of the PV/Battery configuration system as suggested by 
Richards and Conibeer (2007). 
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8.3 Solar energy resource in Australia 
The comparative study was based on weather conditions in Melbourne (latitude 37.5º
S). Melbourne was selected due to the availability of excellent solar insolation as 
shown in Figure 105.  
 
 
 
Figure 105: Number of hours of full sunshine in Australia (top) and monthly average 
peak sunshine hour (PSH) of Melbourne (bottom).  
(Bureau of Meteorology 2012). 
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Monthly average solar exposure data for the year 2012 were obtained from the 
Australian Bureau of Meteorology (2012). The presented monthly average peak 
sunshine hour (PSH) data are for Melbourne. PSH refers to the number of hours when 
the sunshine is at its maximum level (solar irradiance=1000Wm
-2
). The PSH values are 
usually highest in clear sun conditions during the summer and lowest during winter 
seasons. According to the data above, the monthly average PSH values in summer are 
approximately four times higher than in winter. The yearly average PSH value for 
Melbourne is 4.38 hours. 
 
8.4 SAPS system comparison and description 
8.4.1 PV system with battery storage (PV/Battery) 
The PV/Battery configuration sizing used in this comparative study is referenced from 
Richards and Conibeer (2007). The specifications of the suggested combined inverter–
charger are 48VDC input and 3500W continuous 240VAC output, and the selected 
batteries charged by the inverter are Deep-cycle lead–acid batteries (6 VDC per cell, 
900 Ah). The Australian standard (2002) recommends 5-10 days of autonomy for a 
SAPS system with no backup generator.  Richards and Conibeer (2007) suggest 7.5 
days of autonomy for Melbourne in agreement with the recommended battery storage 
capacities designated for 37.5
o
 South latitude (Markvart and Castaner 2003).  Therefore 
battery storage capacities of 3537Ah are recommended for Melbourne. To account for 
the efficiency of the batteries which is assumed at 85%, the adjusted average daily load 
to be supplied by the PV panels is increased to 291 Ah/day. The chosen PV technology 
is a typical screen-printed mono-crystalline silicon module (BP Solar, Model 4170, 
170Wp, A=1.2m
2) and has a cell efficiency of 13.5%. The PV array was sized 
according to the worst PSH value of 3.31 during winter in Melbourne. 
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8.4.2 CTEG-PCMTS system with battery storage (CTEG-PCMTS/Battery) 
For comparable evaluation, the CTEG-PCMTS/Battery configuration uses a similar 
setup to that of the above PV/Battery configuration suggested by Richards and 
Conibeer (2007). The designated solar concentration is 130suns and the TEG power 
unit is made up of two installed TEGs. Under 130sun solar concentration, each TEG 
module is able to generate a maximum power output of 9.7W, voltage output at 5.5V 
and current output at 1.76A based on the validated mathematical model presented in 
Chapter 4. The predicted TEG hot side temperature is 285
o
C and the cold side 
temperature is 95
o
C which is within the operational limit of the TEG as recommended 
by the manufacturer (Custom Thermoelectric 2010). It is noted that electrically series-
connection increases voltage with constant current and parallel-connection increases 
current with constant voltage. In order to meet the electrical requirements of the 
inverter, 9 sets of series-connected TEG power units are required to meet the 48VDC 
requirement of the inverter. 50 sets of parallel-connected TEGs power units are 
required to supply the current output to meet the daily load requirement which is 
291Ah/d as quoted by Richards and Conibeer (2007). Hence, the total number of TEGs 
required for the matrix array is 900. Figure 106 shows the schematic diagram of the 
CTEG-PCMTS/Battery electrical connection matrix. 
 
As stated previously, the worst peak sunshine hour (PSH) value for Melbourne was 
3.31 and the required PCMTS is sized according to the daily operation. The PCM used 
in the PCMTS is paraffin wax RT27 which has a melting temperature of 27
o
C and 
latent heat of 184kJkg
-1
. The total mass of PCM required for cooling the TEG power 
units at 130 suns solar concentration (under the operating conditions of 3.31 hours at 
1000Wm
-2
 of incoming solar insolation) is 10,424kg.  
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Figure 106: Electrical circuit design and sizing of 2-TEG power units for determining 
the required number of CTEG-PCMTS systems. 
 
8.5 Results and discussion 
The purpose of this comparative study is to give an overview through system sizing and 
cost breakdown of the CTEG-PCMTS configuration as a future SAPS system. By 
comparing it with the existing PV system, it is able to provide a feasibility analysis for 
implementing the CTEG-PCMTS configuration as the future SAPS system. The sizing 
and cost breakdown of the PV/battery and CTEG-PCMTS/battery configurations are 
shown in Tables 20 and 21 respectively. It should be noted all the listed costs are 
expected to be increased in practice as labour and site costs are not included in the total 
cost. There are also minor component costs such as structural frames, wiring, system 
enclosure and installations which are not included in the overall system costing. 
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The total cost
1
 for the CTEG-PCMTS/Battery is 1.66 times higher than the PV/Battery 
configuration as sized by Richards and Conibeer (2007). From Table 20, the battery is 
the highest cost component for the PV/Battery system which is 51.7% of the total 
system cost. For the CTEG-PCMTS/Battery configuration, the highest cost is the PCM 
which is 32.7%
1
 of the total system cost. The PCM used in the system is RT27 paraffin 
wax which is a high grade PCM.  However there is a China-based paraffin wax 
company capable of supplying comparable paraffin wax in bulk where the cost of the 
PCM can be reduced by a factor of 5. The optional system cost
2
 for the CTEG-
PCMTS/Battery using the China-based PCM is just 23% higher than the cost of the 
PV/battery configuration. However, the optional system cost
2
 is a nominal estimate as 
the thermo-physical characteristics such as latent heat capacity are not provided for the 
alternative PCM. 
  
Table 20: Sizing and cost breakdown of PV/system. 
PV/Battery 
Location Melbourne 
No. of PV panels 34 
(2 × 170 Wp  in series) 
PV array cost 
(17 parallel 
strings) 
A$60,758 
Total PV array cost A$60,758 
Days of autonomy 7.5 
No. of batteries 24 
(3 parallel strings) 
Cost. of batteries A$26,400 
Total battery bank cost A$79,200 
Inverter/charger 1 
Inverter cost A$6,600 
Total inverter costs A$13,200 
Total system cost A$153,158 
Fraction of system costs 
171 
 
Inverter (%) 8.6 
PV modules (%) 39.7 
Batteries (%) 51.7 
 
 
Table 21: Sizing and costing of CTEG-PCMTS/battery system. 
CTEG-PCMTS/Battery 
Location Melbourne 
No. of TEGs 900 
No. of Fresnel lens 
concentrators 
 
Total Fresnel lens costs 
450 
 
 
A$45,000 
Total solar concentrator cost A$45,000 
(9 × 9.7Wp  in series) 
 
CTEG array cost 
(50 parallel 
strings) 
A$34,200 
Total CTEG array cost A$79,200 
Days of autonomy 7.5 
PCM mass  10,424kg 
(RT27 Paraffin wax
1
) 
Total PCM cost
1
 
 
(Comparable Paraffin wax
2
) 
Total PCM cost
2
 
 
A$83,390 
 
 
A$16,678 
No. of batteries 24 
(3 parallel strings) 
Cost. of batteries A$26,400 
Total battery bank cost A$79,200 
Inverter/charger 1 
Inverter cost A$6,600 
Total inverter costs A$13,200 
Total system cost
1 
 
Total system cost
2
  
A$254,990 
 
A$188,278 
 
Fraction of system costs
1
 
Inverter (%) 5.2 
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Solar concentrator (%) 17.6 
TEG modules (%) 13.4 
PCM (%) 32.7 
Batteries (%) 31.1 
 
 
Fraction of system costs
2
 
Inverter (%) 7.0 
Solar concentrator (%) 23.9 
TEG modules (%) 18.2 
PCM (%) 8.8 
Batteries (%) 42.1 
 
The next highest cost component after the batteries is the solar-based Fresnel lens 
concentrators which are 17.6% of the system cost
1
. They are an essential component of 
the CTEG-PCMTS/Battery system for providing the heat source to the TEG power unit 
for thermoelectricity generation. Despite having higher system cost than the PV/battery 
system, there is a benefit of using the CTEG-PCMTS/battery system which is that the 
stored heat in the PCMTS can be extracted and reused. The PCMTS is capable of 
storing large amounts of heat energy from cooling the TEG power units during the day. 
The estimated amount of heat energy stored during the day is ~5GJ. Reusing the stored 
heat for other applications is able to improve the system efficiency and reduce the 
energy cost. However, this consideration is not included in this comparative study.  
 
 The amount PCM requires in the PCMTS is 10,424kg (~10 tons of paraffin wax) for 
7.5 days of anatomy based in Melbourne which is massive in terms of mass. However, 
the required volumetric space storage based on general paraffin wax (~900kg/m
3
 at 
solid state) is approximately 13m
3
, which is about 2.4m (length) by 2.4m (width) by 
2.4m (height or depth). The required volumetric dimensions for the prospective 
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PCMTS are considerably small and can be accommodated in single or multiple storage 
tanks, depending on the space conditions at the prospective sites. As heat pipes are 
implemented to the CTEG-PCMTS systems as heat transportation devices, the 
positioning of PCMTS can be easily stood on the ground or buried underground (for 
wicked heat pipes only) where waste heat from the CTEG cells can be easily 
transported to the PCMTS. 
 
8.6 Chapter summary 
The SAPS sizing and cost breakdowns of using CTEG-PCMTS/battery and PV/battery 
system were compared and analysed. The comparative study was based on SAPS 
without a backup generator and the systems were required to meet a constant daily load 
of 11.9kWh/day for 7.5 days based on Melbourne weather conditions. The sizing and 
cost analysis revealed that the CTEG-PCMTS/battery system is 1.66 times more 
expensive that the suggested PV/battery system by Richards and Conibeer (2007). This 
is due to the high cost of the PCM which has dominated the overall system cost. Using 
China-based PCM can reduce the system cost by 26% but the reliability of the PCM is 
unknown as there are no thermo-physical data provided by the company. The cost of 
TEGs is approximately 44% below that of the PV panels with comparable power 
output. This results from the high applied solar concentration of 130suns which fully 
maximizes thermoelectric performance of the TEG modules. The price of the PCM is 
expected to decrease as it is not presently in common use in solar-based applications. 
Usually new technology components are very expensive at the early stages of 
implementation and the price will significantly decrease when this technology becomes 
mature and demands increase. Also there is a major potential benefit in the CTEG-
PCMTS/Battery configuration. The large amount of stored heat (~5GJ per day) in the 
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PCMTS can be reused for other applications where heat energy is required. This 
approach can improve the overall system efficiency and reduce the energy cost. Hence 
the CTEG-PCMTS system has the potential for sustainable power generator 
development. 
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CHAPTER 9 – CONCLUSIONS AND 
RECOMMENDATIONS FOR 
FUTURE WORK 
 
9.1 Conclusions 
The proposed passive cooling method for concentrated solar cells using phase change 
material thermal storage (PCMTS) was studied in this research program. The aim was 
to cool concentrated solar cells by utilizing the latent heat of the PCM as a passive heat 
storing mechanism. TEG and PV based solar cells were investigated in this research 
and were found able to generate substantial amounts of electrical energy by passive 
cooling using the PCMTS approach. 
 
As described in Chapter 2, natural convection passive cooling methods have limited 
cooling capacity because of the low heat capacity and thermal conductivity of air. 
Furthermore, the heat dissipation rate is highly dependent on ambient conditions and in 
particular on wind speed and ambient temperature. PCMTS is implemented for 
improving the existing passive cooling deficiencies in concentrated solar power 
applications. PCM is an attractive passive heat absorbing material because of its high 
heat capacity (latent heat of fusion) and its isothermal melting process. Encapsulating 
the PCM in well-insulated thermal storage containment is able to shield off any heat 
transfer under undesired ambient conditions. PCM as a heat absorbing material is 
reusable and maintenance-free wherein the passive cooling cycle undergoes repetitive 
melting and freezing of PCM.  
 
A CTEG-PCMTS system was investigated experimentally for thermoelectric power 
generation using passive cooling of the TEG modules. Usually, CTEG systems utilize 
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active cooling devices for effective waste heat dissipation at the cold side of the TEG 
cells for providing greater temperature difference and higher power generation. In this 
research, the waste heat of the TEG modules was absorbed by the PCM (paraffin wax) 
for thermal storage and represented passive cell cooling. Gravity-assisted heat pipes 
(theremosyphons) were used in the system as passive heat transportation means from 
TEG modules to PCMTS for thermal storage. The coupling of thermosyphons with the 
copper heat spreader (cold side of the TEG module) improved the waste heat 
dissipation effectively and also provided larger heat transfer area in the PCMTS. The 
long condenser section of the thermosyphon (3:1 condenser-to-evaporator sections) 
with the addition of aluminium fins was embedded in the PCM to improve the heat 
transfer performance which is hindered by the poor thermal conductivity of the PCM. 
The indoor experimental results showed that the CTEG-PCMTS system was able to 
cool the TEG module and achieve a temperature difference of 184
o
C at 130 suns solar 
concentration ratio. The 2-TEG power unit which installed with 2 Bi2Te3 TEGs (40mm 
x 40mm x 3.4mm)  generated a maximum thermoelectric power of 8.5W using 5kg of 
paraffin wax as PCM. 
 
In the case of a PV-PCM system, simple rectangular PCMTS were thermally coupled at 
the rear of the PV panel to reduce the elevated temperature rise. Because the 
experiments were conducted in a non-concentrating condition, a heat pipe was not 
utilized in this experimental assessment. However, the PCMTS containments were 
installed with different densities of aluminium fins to optimise the heat transfer 
performance of the system. In order to assess the thermal and electrical improvement 
using the PCMTS cooling concept, a similar but naturally cooled PV panel was 
compared with the PV-PCM under similar ambient conditions. The experimental 
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results showed that the PV-PCM system was able to reduce the temperature of the PV 
panel by 15
o
C and provide 5% improvement of the electrical power output. It was also 
observed that the panel temperatures of the PV-PCM system were lower with more 
aluminium fins installed in the PCMTS. 
 
A comparative system sizing and cost analysis were conducted on CTEG-PCM/battery 
and PV/battery SAPS configurations. The comparative study was conducted on the 
basis that the SAPS system design had no backup generator and the batteries were the 
only mode of energy storage. The electrical requirements of both systems were to meet 
a constant daily load of 10.7kWh/d for 7.5 days based on Melbourne as the test 
location. The system sizing and cost analysis revealed that the CTEG-PCMTS/battery 
system was 1.66 times more expensive than the PV/battery system suggested by 
Richards and Conibeer (2007). This was attributed to the high cost of PCM which 
significantly increased the overall system cost. The cost of TEGs at 130suns solar 
concentration was approximately 44% lower than the suggested PV panels with same 
power output. The Fresnel lens solar concentrators drove up the cost of the CTEG 
system to 30% higher than the PV system. However, there is a major potential benefit 
of the CTEG-PCMTS/Battery configuration in that the stored thermal energy in the 
PCMTS can be reused for other applications that require low grade heat. This approach 
can improve the system efficiency and reduce the energy generation cost. Hence the 
CTEG-PCMTS system has the potential to be a future sustainable power generator. 
 
In conclusion, the experimental studies of both CTEG-PCMTS and PV-PCM systems 
have demonstrated a substantial amount of power output and proved the passive 
cooling capability of PCM in concentrated solar power applications. This proposed 
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system can be implemented as a SAPS system as it can deliver dual energy outputs 
(electrical and thermal), is maintenance-free and self-operable. The implementation of 
PCMTS as a passive cooling system for large scale applications will significantly 
reduce the greenhouse gas emissions and cushion the high energy cost associated with 
increasing energy demands.  
 
9.2 Recommendations for Future Work 
The present research work on using a PCMTS cooling approach has shown positive 
outcomes, there is still room for improvement of the passive cooling performance 
requiring further work to be conducted on this approach. The recommended future 
work is as follows:  
 
9.2.1 Power generation using PCMTS 
The CTEG-PCMTS experimental rig presented in Chapter 5 is capable of cooling TEG 
modules at up to 130 suns solar concentration ratio and generating a maximum 
thermoelectric power output of 8.5W. This is the maximum solar concentration 
applicable to the TEG modules as the hot side temperature reaches 295
o
C which is 
close to the maximum cell working temperature. In order to increase the thermoelectric 
output power, higher working temperature types of TEGs are recommended for use in 
the CTEG-PCMTS system,  for example, Skutterudites and Silver antimony lead 
telluride (LAST) which have a higher working temperature range of 500-600
o
C. They 
are capable of use under extremely high solar concentration ratios for greater power 
generation.  
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The power generation output can also be further improved by lowering the cold side 
temperature of the TEG modules. This can be done by using PCM with lower melting 
temperature and with higher latent heat capacity.  Although inorganic PCMs have 
higher latent heat capacity, higher thermal conductivity and wider melting temperature 
ranges the problems of corrosion, incongruent melting and low thermal cycles are 
unfavourable factors in developing a self-operable and maintenance-free power 
generator. Hence it is recommended to focus on searching for new organic based PCMs 
where the heat transfer problems can be improved by using simple thermal 
enhancement approaches as presented in Chapter 7.  
 
To minimize the built-up of pressure in the thermosyphons arising from high applied 
solar fluxes, a longer thermosyphon condenser section is recommended to be embedded 
in the PCMTS for providing larger vapour space and greater heat transfer area between 
the thermosyphon condenser walls and the PCM. In addition, water is recommended to 
be used as heat transfer fluid in the thermosyphons for high applied solar concentration. 
This is because water has much higher latent heat and thermal conductivity than the 
currently-used Acetone. Therefore water can improve the heat dissipation rate at the 
cold side of the TEG modules.  
 
The data validation of the indoor experiments and numerical models agree well with 
the outdoor experiments. However, there are still discrepancies of the indoor 
experimental data and the numerical results for both thermal and electrical performance 
as descripted in Chapter 5. In order to achieve greater accuracy on indoor experimental 
model, it is recommended to include thermally-conditioned moving air rather than still 
air condition by the means of electrical air blower and air heater. The seasonal wind 
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and regional temperature data can be determined from the any reliable meteorology 
sources.  As for the numerical model, it is recommended to use more precise electrical 
properties of the TEG cells to achieve closer match with the outdoor experiment. In 
spite of the fact that the numerical predictions for thermal have very close match with 
the outdoor experimental data, it is recommended to include the thermal contact 
resistance between the contacting surfaces of the sandwiched TEG cells in the 
mathematical modelling. It is also recommended to conduct a simple experiment in 
determining more precise thermal contact resistance values. This can be done by using 
similar or close-approximated applied pressures and same materials (TEG cells, 
thermal paste, heating and cooling blocks) as the actual CTEG-PCMTS. It is not 
recommended to use the approximated referenced values from any source as most the 
approximated cases are not identical as the thermal configuration of the actual TEG 
power unit. 
 
To ensure that maximum solar concentration is received throughout the day, a two-axis 
solar tracking system is recommended for the CTEG-PCMTS systems. In order to 
facilitate the solar tracking motion, a flexible heat pipe is recommended as the heat 
transportation device between the TEG modules and the PCMTS.  
 
To ensure that the design of PCMTS system is compact and easy accessibility for 
maintenance, it is recommended that the PCMTS tank acts as base platform where all 
the solar concentrators and concentrated solar cells are installed on the top surface. This 
approach can reduced the required space for the setup and short heat pipe length for 
heat transportation between the CTEG power units to the PCMTS tank. Moreover, 
there will not be issue of solar shading as the solar concentrators are installed above the 
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PCMTS tank. The durability of the PCMTS platform can be achieved by using 
inexpensive, tough and corrosion resistance material. For example, stainless steel is 
preferred as it exhibits the above desired characteristics except for the cost which may 
be acceptably high. The approximated volume in Chapter 8 based on paraffin wax 
(~900kg/m
3
 at solid state) is approximately 13m
3
 which is considerable small SAPS 
setup for 7.5 days of anatomy in Melbourne. Hence, the proposed setup is expected to 
be within acceptable setup cost. Also, it is important to note that only wicked based 
heat pipes are applicable for base platform type of PCMTS design. This is because 
there is no directional restriction on condensate return in the wicked pipes where 
wickless heat pipes (thermosyphons) are inoperative in this case.  
 
Finally, the experimental work of PV-PCM system described in Chapter 6 had shown 
positive passive cooling performance and was able to achieve a 5% gain in electrical 
power output. As metallic fins were used in the experiments for improving the heat 
transfer performance of the PCM slabs internally, it is recommended to conduct similar 
experiments by using natural air cooling (using the same metallic fins configurations as 
PV-PCM system) to compare the thermal and electrical performance with the tested 
PV-PCM cases. This would give a better passive cooling comparison in using PCM as 
the passive cooling mechanism. In addition, the CTEG-PCMTS system presented in 
Chapter 5 showed that the heat pipe-based PCMTS is able to cool concentrated solar 
cells (TEGs) at high solar concentration.  It is recommended to extend the experimental 
study of the existing PV-PCM system to CPV-PCMTS systems where more highly 
concentrated solar radiation could be used for increasing the photoelectric power output 
using the proposed passive cooling method. 
 
182 
 
9.2.2 Thermal enhancement of PCMTS 
In the present PCMTS design, themosyphons with aluminium fin attachments were 
used to improve the heat transfer performance by providing greater heat transfer area. 
However, using a high number of aluminium fins for providing heat enhancement 
diminishes the natural convection effect which is a very important heat transfer 
mechanism especially during the latter stages of melting where liquid fractions became 
greater. Chapter 7 presents experimental and numerical study of melting performance 
in different PCM slabs. The results show that using thermal enhancement methods 
(metallic fins and highly conductive additives) will supress the natural convection 
effects in the PCM slabs and result in a conduction-dominant heat transfer system. This 
will marginalise the heat transfer improvement especially during extremely high 
applied solar fluxes where adding more metallic fins or metallic additives is no longer 
effective. It is noted that natural convection heat transfer at the latter stage is important 
as mentioned by various researchers referenced in Chapter 7 and heat enhancements 
such as excessive metallic fins can severely supress the natural convective effect. Tan 
et al (2011a) and Tan et al (2011b) have mentioned that heat enhancement approaches 
using different metallic fin shapes and metallic spiral fillers additions in different 
PCMTS configurations can affect the formation of the natural convection currents 
internally. Hence, more research work is recommended towards optimizing both heat 
conduction and convection heat transfers in the PCM for future PCMTS designs.  
 
In Chapter 6 presents the experimental assessment of passive cooling of PV system 
using PCMTS. The melting visualizations of PCM in the physical PCM slabs were not 
possible during the experiments due to the present of thermal insulators. In order to 
study the PCM melting behaviours and effects in the rear coupling PCM slabs, it is 
183 
 
recommended to conduct a series of computational visualizations and analysis as 
similarly presented in Chapter 7. It is noted that placing heat source at the top side of 
the PCM slabs (heating of PV-PCM panels) will not generate natural convection 
currents internally where information on natural convection development are limited. 
However, tilting angle of the PV panels with respect to the solar path can lead to the 
development of natural convection in the rear coupling PCM slabs. Hence, the 
recommended computational analysis can provide extensive information on the 
temperature gradients, flow fields and melting fractions to future PV-PCM system 
designs at different tilted angles, especially where solar tracking systems are utilized on 
PV panels. 
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APPENDIX A:  Indoor Experimental Setup of CTEG-
PCMTS System  
 
Description: Pictures and descriptions of CTEG-PCMTS test rig during indoor testing. 
 
 
 
    
 
Figure 107: TEG power unit (left) and front section of the CTEG-PCMTS test rig 
(right). 
 
 
 
    
 
Figure 108: PCMTS tank (left) & secondary thermosyphon based radiator (right). 
 
 
 
 
 
 
 
 
 
 
Heat 
spreader 
(Cold side) 
Heater 
(Hot side) 
Thermocouple 
insertions 
Secondary thermosyphon 
condenser with fin attachment 
PCMTS filled with 
RT27 paraffin wax 
200 
 
APPENDIX B: Outdoor Experimental Setup of CTEG-
PCMTS System 
 
Description: Pictures and descriptions of CTEG-PCMTS test rig during outdoor 
testing. 
 
 
    
 
Figure 109: Fresnel lens solar concentrators 
 
    
 
Figure 110: CTEG-PCMTS rig with external insulating cover. 
 
    
Figure 111: CTEG-PCMTS rig without external insulating cover. 
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APPENDIX C: Experimental Uncertainty   
 
Description: Indoor experimental uncertainty of CTEG-PCMTS test rig at simulated 
solar concentrations of 20, 40, 60, 80, 100, 120 and 130 suns. 
 
 
Table 22: Experiment uncertainty for 20suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 85.2 87.1 86.15 1.343502884 1.559492611 
Tcold       [
o
C] 54.1 55.5 54.8 0.989949494 1.806477178 
Voc         [V] 2.131 2.182 2.1565 0.036062446 1.67226737 
Vmpp      [V] 0.551 0.577 0.554 0.018384776 4.61929053 
Impp        [A] 0.29 0.293 0.2915 0.00212132 2.571297386 
Isc           [A] 0.477 0.491 0.484 0.009899495 2.045350194 
 
 
Table 23: Experiment uncertainty for 40suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 126.4 124.8 125.6 1.13137085 0.90077297 
Tcold       [
o
C] 63.1 62.6 62.85 0.353553391 0.562535228 
Voc         [V] 4.222 4.199 4.2105 0.016263456 0.386259493 
Vmpp      [V] 1.297 1.255 1.276 0.029698485 1.816421089 
Impp        [A] 0.55 0.532 0.541 0.012727922 3.525740183 
Isc           [A] 0.897 0.821 0.859 0.053740115 6.256125189 
 
 
Table 24: Experiment uncertainty for 60suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 163.4 160.8 162.1 1.838477631 1.134162635 
Tcold       [
o
C] 70 68.5 69.25 1.060660172 1.531639237 
Voc         [V] 6.187 6.162 6.1745 0.01767767 0.286301231 
Vmpp      [V] 2.942 2.936 2.939 0.013435029 0.497317373 
Impp        [A] 0.81 0.801 0.805 0.006363961 0.969377156 
Isc           [A] 1.3 1.29 1.295 0.007071068 0.546028402 
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Table 25: Experiment uncertainty for 80suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 206 204.2 205.1 1.272792206 0.620571529 
Tcold       [
o
C] 80.1 77 78.55 2.192031022 2.790618742 
Voc         [V] 8.34 8.38 8.36 0.028284271 0.338328603 
Vmpp      [V] 4.599 4.569 4.584 0.021213203 0.566440679 
Impp        [A] 1.035 1.038 1.036 0.00212132 0.223179415 
Isc           [A] 1.661 1.663 1.662 0.001414214 0.085091069 
 
 
Table 26: Experiment uncertainty for 100suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 231.2 228.4 229.8 1.979898987 0.861574842 
Tcold       [
o
C] 88.2 84.2 86.225 2.793071786 3.239283022 
Voc         [V] 10.122 10 10.061 0.086267027 0.85743989 
Vmpp      [V] 5.39 5.292 5.341 0.070710678 1.707162678 
Impp        [A] 1.11 1.111 1.1105 0.000707107 0.066426189 
Isc           [A] 1.784 1.777 1.7805 0.004949747 0.277997611 
 
 
Table 27: Experiment uncertainty for 120suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 271.2 266.5 268.85 3.323401872 1.236154685 
Tcold       [
o
C] 97.3 94.9 96.1 1.697056275 1.765927445 
Voc         [V] 11.481 11.011 11.246 0.332340187 2.95518573 
Vmpp      [V] 6.931 6.791 6.861 0.098994949 2.035258005 
Impp        [A] 1.141 1.136 1.1385 0.002828427 0.239697214 
Isc           [A] 1.822 1.81 1.816 0.008485281 0.467251177 
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Table 28: Experiment uncertainty for 130suns 
Parameter 1
st
  reading 2
nd
 reading Mean 
Standard 
deviation 
Uncertainty 
(%) 
Thot        [
o
C] 295.2 290.3 292.75 3.464823228 1.183543374 
Tcold       [
o
C] 108 100.2 104.1 5.515432893 5.29820643 
Voc         [V] 12.331 12.511 12.421 0.127279221 1.024709932 
Vmpp      [V] 7.365 7.272 7.318 0.065760931 1.27234073 
Impp        [A] 1.15 1.155 1.152 0.003535534 0.297980102 
Isc           [A] 1.85 1.841 1.8455 0.006363961 0.344836685 
 
 
 
The power uncertainty: 
 
2 2
max
max
mpp mpp
mpp mpp
V IP
P V I
    
       
   
 
 
Table 29: 2-TEG maximum power out uncertainty of the CTEG-PCMTS system at 
respective solar concentration ratio during indoor experiments. 
 20suns 40suns 60suns 80suns 100suns 120suns 130suns 
Pmax  5.28% 3.97% 1.09% 0.61% 1.71% 2.05% 1.3% 
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APPENDIX D: Thermal and Electrical Performance of the 
CTEG-PCMTS System 
 
Description: Indoor experimental data of the TEG temperature difference and 
maximum power output plots for CTEG-PCMTS system. The simulated 
solar concentrations are 20, 40, 60, 80, 100, 120 and 130 suns. 
 
 
Figure 112: CTEG-PCMTS system temperature distributions at 20suns. 
 
 
Figure 113: Maximum power output of the CTEG-PCMTS system (2-TEG power unit) 
at respective solar concentrations ratio. 
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